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ABSTRACT
Six room acoustic models were reviewed in the existing literature. 
There was no single acoustical model that was satisfactory for the rooms 
whose geometric and acoustic characteristics were different. In order to 
develop a new empirical room equation to predict the sound pressure 
distribution in rooms, seventeen rooms whose volumes ranged from 2,671 ft3 
to 149,000 ft3 were examined. Two sets of sound tests, reverberation times 
and sound pressure levels, were conducted in these rooms. After a data base 
was built up, regression analyses were made. Finally, two empirical room 
acoustic equations, one for small rooms and another for large rooms, were 
developed from final regressions. These empirical room acoustic equations 
were simple, but with in acceptable accuracy. A graphical comparison with 
Schultz's equation and field measured L - L was also conducted.” D W
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Chapter 1
INTRODUCTION
1.1 SUMMARY
The topic of this thesis is to develop empirical acoustic room equations 
to predict sound pressure distribution in rooms. The governing acoustic room 
equation is mainly dependent on the distance between the sound source and 
receiver, room volume, room total surface area, room sound absorption, 
frequency and effects of scattering. Seventeen rooms were carefully chosen 
to be examined. The volumes of the rooms that were examined ranged from 
2,671 ft3 to 149,000 ft3. The sound absorption coefficients ranged from 
0.096 to 0.406. Two sets of sound tests were conducted in these rooms. The 
first one was reverberation time test, and the second was sound pressure 
measurement. Five balloons were burst in one corner of a room to determine 
average reverberation times. An Acculabreference sound source was used to 
measure Lp - L w. Using the data base that was developed, regression analyses 
were conducted. The primary regression was made on each data set to obtain 
equations of the form
Lp - L w = A + Blog10 [r] (1.1)
where Lp (dB) is the sound pressure level, L w (dB) is the sound power level of 
the sound source, r (ft) is the distance between the sound source and receiver,
A and B are constants.
Multi-variable regression analyses were conducted by treating the "A" 
and "B" coefficients as dependent variables. Room volume, room total 
surface area, mean-free-path, octave band center frequency, reverberation 
time T were the independent variables.
Two final empirical acoustic room equations were developed. One is 
for small rooms ( volume less than 27,000 ft3 ), and the other is for large rooms 
( volume greater than 16,700 ft3 ).
Two empirical acoustic room equations, Shultz's equation, and the 
measured Lp - Lw were plotted in Appendix E for comparison purpose. The 
general agreement between the Lp - Lw values predicted by the empirical 
equations and the corresponding measured values was good.
1 2  INTRODUCTION
With growing interest in environmental concerns, room acoustic 
design has become a significant issue. In industrial buildings, houses, offices, 
shopping centers and so on, quieter working and living conditions are desired. 
Both physiological and psychological effects of noise on human beings have 
been carefully studied and investigated by various scientists. It has been found 
that not only does noise cause annoyance and fatigue, but it also adversely 
affects the efficiency and health of persons. On the other hand, a high quality 
sound is required in theatres, cinemas, schools and conference halls, so that 
people can enjoy music, movies and conversations. Acoustic design is 
especially important in recording rooms, or broadcasting studios.
For many years, scientists have been trying to find a simple and
3
economic method to predict sound pressure distribution in rooms. This has 
been difficult since many factors affect sound propagation in rooms. Several 
theoretical room equation models, such as diffuse field theory, wave theory, 
imaginary sound source model, ray tracing model and so on, have been 
developed. However, they only provide acceptable accuracy within certain 
limited ranges of room geometries and acoustical properties. Many of the 
other models involve very complicated calculations.
W ith the help of a computer, it is possible to manipulate numerous data 
to develop empirical acoustical room equations. This can be done by carefully 
choosing sample rooms with different geometry and sound absorption 
properties, and then building up a data base by conducting specific sound tests. 
The final equations can be simple but with acceptable accuracy.
13  LITERATURE REVIEW
Room acoustic issues have been examined for a long time. In the 
Middle Ages, church halls, council rooms, and opera houses were built based 
on empirical knowledge. The first "scientific" work on room acoustical 
phenomena, Athanasius Kircher's Phonurgia, appeared in the seventeenth 
century.111 It reviewed the simple acoustical practice o f earlier centuries and 
can be considered as a contribution to the historical development of architectural 
acoustics. Around the beginning of the nineteenth century, the German Ernst 
F. Friedrich Chlalni, in his book Die Akustik. made an attempt to explain the 
phenomenon of reverberation. However room acoustic was still almost 
unknown until the twentieth century when professor W. C. Sabine, of Harvard
4
University, did his pioneering work on room acoustical design.121 He first 
devised the coefficient o f sound absorption and arrived at a simple relation 
between the volume of a room, the amount of sound-absorbing material in the 
room, and its reverberation time. This made applied architectural acoustics 
possible in the sense that any room could be designed for satisfactory hearing 
of speech, and to a certain extent, for music, also. Sabine thus took auditorium 
acoustics out of the realm of guesswork and established it as a systematic 
branch of engineering science. The reverberation time was defined as "the 
time taken for the average sound to decay by one millionth of its initial value 
after the source stops". The Sabine equation for reverberation time is
T = ^
S a  <L2)
The room acoustic equation, also known as the diffuse field theory, proposed 
by Sabine is
L P = L w  + 101°g 10
Q + 4
(1.3)47tr" A
Equation 1.3 is made up of two components. The first is a direct field, close 
to the sound source. The second is reverberation field, where the sound 
intensity is constant and independent of location. This model correctly 
describes the propagation of sound indoors within a certain limited range of 
room acoustic properties. It has been used for many decades. However, this 
model oversimplifies the actual behavior of sound waves in a room, particularly 
at low frequencies. It neglects entirely such important factors as the normal 
modes of vibration of the room, the particular locations of the various 
absorptive materials, interference and diffraction, and parameters associated 
with the shape of the room. By 1930 it was becoming apparent that Sabine's
5
model was not sufficient and that the entire approach to room acoustic was 
inadequate as a basis for a completely satisfactory theory of the behavior of 
sound in an enclosure.
A more adequate but unfortunately more difficult approach is based on 
wave acoustics, i.e. upon the motion of waves in a three-dimensional bounded 
space. This is so called wave acoustic theory.131 It is possible to use this theory 
to develop the mathematical solutions of sound pressure distributions in 
simple enclosures, such as rectangular boxes, cylindrical tubes, or spherical 
shells. Even in enclosures of more complicated shapes where wave acoustics 
can not supply an explicit solution, it has been used to clarify and supplement 
results predicted by the more conventional equations o f geometric acoustics. 
If a rectangular room whose sides have lengths lx, I , and lz is given, sound 
pressure can be found from
P (x ,y ,z ,t)  = j r  j r  ^ A lran cos
1 =  1 m = l  n = l
(1.4)
This result is very complicated.
W ith the growth of industrialization, more and more disproportionate 
enclosures with irregularly distributed absorption have evolved. Diffuse field 
theory can lead to errors of unpredictable large magnitude for these kinds of 
enclosures since this theory is based on the assumptions of proportionate 
shape and evenly distributed absorption. A modified room acoustic equation 
was proposed by J. K. Thom pson.141 In his equation, both direct term and 
reverberant term were modified. Air absorption, temperature, pressure, 
humidity, and reflection effects at the walls were taken into account. The final
K*0)x cos Ky(m)y COS K (">z K
6
equation is
-  10 log 10
T + 460 30+ — (1.5)527 BP
where
Q
4 7t r 2
actual area of sound propagation ( 1.6)
Equation 1.5 did a good job for the room examined by Thompson, but 
it did not model the sound pressure distributions in classrooms, nor in typical 
furnished spaces. This fact tells us that different modifications are needed for 
different kinds o f enclosures.
The earliest computer simulation in acoustics occurred in 1958.151 With 
the help of a high-speed digital computer, many unworkable ideas became 
practical. Among them were ray-tracing algorithms and imaginary sound 
source methods. Krokstad did the pioneering work in using the ray-tracing 
technique.161 He considered sound propagation as rays. In this method, 
significant sound paths from a source to a receiver have to be found. Then 
absorption of each surface the sound ray strikes must be determined. Finally, 
the sound pressure can be given by summing all of the energy contributions 
arriving at the measuring point. This is a powerful tool for the simulation of 
sound propagation in enclosures since the result is easy to program with high 
accuracy. At the same period, the imaginary sound source method was also 
widely used. In this method, sound trajectories between a source and a
7
microphone are represented by mirror sources. As the number of possible 
trajectories increases with increasing reflection order, the number of imaginary 
sources also increase. Comparing both imaginary sound source and ray- 
tracing methods, one can say that within the limits of the geometrical acoustics 
assum ption  the im aginary sound source approach is exact, but is 
computationally very inefficient. No reflected sound paths are missed, but 
calculations are very time-consuming because many images are calculated and 
later rejected since they can not be seen at a particular receiver position. 
Vorlander has compared these two methods in detail.171 He found the 
imaginary sound source technique would take 10,000 years while the ray- 
trac ing technique only required 12 hours for the room he examined. Although 
com puter simulation gives the results with high accuracy, the cost is also high 
because o f very complicated calculations.
Usually the practical man in the field has always preferred to have a 
simple and quick method of application and does not desire to be involved in 
unnecessary complications. For large and /  or furnished rooms, neither the 
sound propagation rate nor the reverberation time measurement were correctly 
predicted by the Sabine equations. Researchers desired to find some empirical 
relationships for the rate of sound attenuation with distance. One of the earliest 
thorough studies was that of Lubcke and Gober in 1964.181 In their report, only 
several statement conclusions were given without any empirical equation. In 
the following years the progress was very slow. In 1983 Theodore J. Shultz 
examined sound propagation rate attenuation in typical furnished spaces.191 He 
checked the literature and found the existing non-Sabine theory to be 
unsatisfactory. After carefully studying all the available field measurements, 
he realized there was no single appropriate acoustical model for sound
propagation in furnished spaces. He developed a simple empirical relationship 
to predict the sound pressure in a room with considerable accuracy 
( ± 2  1/2 dB ), from a knowledge of the sound power level of the source, the 
room volume, the frequency, and the distance from the source. His empirical 
relationship was
Lp = Lw — 5log,0[V] 3 log,0[ f ] — 101ogl0[r]+25 (1.7)
This equation was recommended for use by ASHRAE.1 U)| Shultz examined 
rooms that had volumes which ranged from 322 ft3 to 40,000 ft3. M ost of the 
rooms Shultz examined were typical living rooms found in homes. These 
rooms were probably acoustically medium dead. The equation developed by 
Shultz did not apply to rooms that are acoustically different than the ones he 
examined. Care should be exercised when Equation 1.7 is used.
Chapter 2
MODELS
More than thirty papers dealing with sound propagation in spaces from 
the last thirty years have been collected. There are several theoretical models 
and very few empirical proposals for sound pressure attenuation rate in indoor 
spaces. Various models are summarized below.
2.1 POINT SOUND SOURCE OUT IN SPACE
In free space the sound pressure level and sound power level for a point 
sound source are related by
P,7, = (wz . ) Q N 
4 k  r 2 ( 2 . 1)
where W is the sound power of the source in watts, Z0 is a quantity called the 
characteristic acoustic impedance of the air in MKS rays, Q represents the 
directivity of the source, and r is the distance in feet from the center of the 
sound source. The decibel equivalent of Equation 2.1 is
Q
L p  = Lw + 10 log j
4 j t r
= Lw -201og10[ r ] - l l (2 .2 )
where Lp is the sound pressure level in dB re 20 p.N/m2, L w is the sound power 
level in dB re 1 0 '12 watts, Q is equal to one, and r is the distance in meters 
between the sound source and receiver locations.
9
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Note that the sound pressure level decreases at the rate o f -6 dB for each 
doubling of distance from the center of the source. This is the famous inverse 
square law of sound that was described by Lord Raleigh in his book Theory 
of Sound.1111 published in 1879. As we will see later, the inverse square law 
governs the acoustic free field in large rooms.
2.2 THE DIFFUSE FIELD THEORY
According to the diffuse field theory, the behavior of sound propagation 
indoors (with a point source assumed to be in the center of the room) is just 
like the outdoor behavior in a region very close to the source; the room 
boundaries are so far away that they do not influence the local sound behavior. 
As the observation point moves away from the source, the sound pressure level 
decreases just like outdoors, at -6 dB per doubling of distance.
Indoors, however, the sound energy from the source is confined by the 
boundaries of the room; if there were no sound absorptive material in the 
room, the sound energy would continue to accumulate indefinitely, leading to 
higher and higher sound pressure levels. In fact, however, some sound 
absorption is always present and the sound pressure builds up only to the point 
where as much energy is being lost to the sound absorptive room boundaries 
as is being supplied by the source. The greater the amount of sound absorption 
in the room, the lower the buildup sound pressure level.
The behavior of sound indoors must thus be considered in two regions 
in which the sound attenuation is quite different. Near the source, the behavior 
is like outdoors. It is called direct field. The sound pressure level is determined 
by the sound power of the source, the directionality of the source, and the
distance of the observer from the source. The sound pressure level decreases 
with increasing distance from the source (at -6 d B /d d ) until it equals the level 
of the built-up sound confined in the room. Beyond that "equal-point", the 
sound level is no longer dominated by the direct field, which continues to 
decrease with increasing distance.
In the region beyond the equal-point (the so-called reverberant field), 
the sound pressure level is more or less the same everywhere; it is due to the 
accumulated confined energy and is determined only by the sound power of 
the source and the amount of sound absorptive material in the room. The 
spatial uniformity of the reverberant field is a characteristic of the diffuse field 
theory of sound propagation. It depends on the notion that the room in 
equation is "reflected" or "imaged" in all its boundaries, so that all of space is 
filled with replicas of the original room, and each replica contains an image 
of the real sound source. According to this concept, the sound pressure level 
at any position in the real room is made up of superimposed contributions from 
myriads of images, both near and far, in all directions. It is furthermore 
assumed that the real room boundaries are only weakly sound absorptive, so 
that the contributions of the source images are attenuated only slightly in 
crossing the boundaries of the image rooms, and significant contributions 
arrive in the real room even from the numerous distant images. Thus, no one 
location in the real room is favored over another. They are all equally 
immersed in an infinite homogeneous galaxy of images, so that changes of 
position within the room are irrelevant. It is rather like what one hears sitting 
in the midst of a large applauding audience; the same everywhere. The 
theoretical model equation is
The first term in the right side of equation 2.2 is recognized as the direct sound, 
already encountered in the discussion of sound behavior outdoors; the second 
term accounts for the reverberant sound in the room. If the absorption in the 
room is very great, the second term goes to zero and the sound behaves like 
outdoors; if the distance from the source is very great, the first term tends to 
zero and the reverberant sound dominates. The decibel equivalent of equation
with r in meters and A in meters squared.
Figure 2-1 shows the relation between Lp -L w, R and r/Q 1/2. The upper
2.2 is
L
p
0  4L + 10 logl0   r  + —
4jtr A (2.3)
0
Figure 2-1 Relation Between Lp - Lw, R And r/Q 1/2
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curve in Figure 2-1 corresponds to a very "live" room containing only 50 
sabins of sound absorption. The lowest curve represents the sound level of the 
direct field. Traditionally, engineers in the field have tended to use equation
2.3 since it provided acceptable accuracy within a certain limited range of 
room acoustic properties. However, as modern building and economic factors 
have demanded more and more accuracy, the limitations of Equation 2.3 have 
become a problem. As we can see in equation 2.3, the reverberant term 4/A 
is based on several assumptions. First, the sound energy emitted by the source 
is assumed to be equal to that dissipated by enclosure surfaces, after some 
initial period. In addition, a diffuse reverberant sound field of uniform sound 
energy density is assumed throughout the enclosed space. Perhaps the 
important assumption is that the average distance traveled by emitted sound 
between reflections is given by the expression
where M FP is mean free path in feet, and V is room volume in ft3.
These assumptions lead to restrictions regarding the type of spaces to 
which the room acoustics equation can be applied. The assumption of uniform 
energy density requires that the room have a low average absorption coefficient 
and that the absorption present be evenly distributed throughout the room. A 
further restriction, necessary to assume uniform energy density, is that all 
frequencies of interest are above some minimum value where room model 
densities are sufficiently high to produce a diffuse sound field. A good test for 
the minimum measurement frequency is from ANSI standard S I.2 .1121
MFP
4 V
S
(2.4)
n (2.5)
14
where
n = number of modes in band width 
f = center frequency of bandwidth, Hz 
C = speed of sound, m/s 
Af = bandwidth considered, Hz
This standard recommends a value of n greater than 20 for a truly 
diffuse field. As an example, for a room measuring 3m by 4m  by 3m high the 
lowest octave band for analysis would be that centered at 31.5 Hz. Obviously, 
this could lead to limitations of low frequency analysis in small rooms.
A less defined set of restrictions are imposed by the expression 
assumed for mean free path (equation 2.4). Previous studies have shown this 
expression is not truly the mean path between reflection, nor is it valid for all 
room shapes and proportions.1111 Other_authors have also suggested that the 
mean free path may be a function of the amount and location o f absorption in 
the room .1121 To date these restrictions have not been clearly defined and 
therefore one can only conclude that the assumed mean free path expression 
most likely imposes restrictions as to room proportions and possibly other 
factors.
The assumptions involved in the direct term o f the room acoustic 
equation are relatively few. The most fundamental is that the source is 
assumed to emit sound in a spherical or fraction of a spherical pattern. Also, 
the directivity factor assumes that all surfaces near the source are perfectly 
reflecting. These assumptions lead to restrictions for the type of source which 
may be considered employing equations 2.2 and 2.3. Furthermore, for those 
sources which can be treated with this type of analysis, accurate predictions are 
only possible in the acoustic far field; for source to receiver distance greater
15
than the acoustic wavelength.
In summary, there are several limitations to be considered in applying 
the room acoustical equation. These limitations include the distribution of 
sound absorption, room proportions, source type, the amount of sound 
absorption, and the diffusibility of the sound field.
2 3  MODIFIED ROOM ACOUSTIC EQUATION
Diffuse field theory gives the results of how sound propagates indoors 
with acceptably small error only in a limited range of situations. In the real 
world there are many situations in which the assumptions of diffuse field 
theory are violated. This can lead to errors of unpredictably large magnitude. 
Ideally diffuse field theory should only be employed for omnidirectional 
sources in regularly proportioned spaces with uniform distributions of 
absorption and no scattering objects. For modern buildings with irregularly 
distributed absorption, usually on the ceiling or floor, and disproportionate 
dimensions, that is, rooms whose dimension ratios fall outside of the 1: 1.5: 
2 limits which are necessary to produce a reasonably diffuse field, modifications 
must be made to the room acoustic equation. Also, real rooms often contain 
many sound scattering objects.
Several modified room acoustic equations have been developed for 
different situations. But each has its own restrictions. One of the modified 
room acoustic equations was developed by Thom pson.1 * 1 This modified room 
acoustic equation was used to determine sound pressure distributions in 
irregularly proportioned factory spaces. Factory spaces are usually 
disproportionately long. Thus, before one can adequately model factory
16
spaces acoustically one must resolve this predictive error. For example, where 
noisy production areas are directly coupled to quieter packing or shipping 
areas, the standard theory may indicate OSHA violations when, in fact, 
measurements may indicate no violation exists. The sound field will fall 
continuously with distance and will not become asymptotic to the reverberant 
sound pressure corresponding to the assumed diffuse field. Some modifications 
have been added to Equation 2.3. These modifications seek to reduce the 
limitations noted previously. They are: reverberant term modification; air 
absorption on the direct term; continuous modification of Q; corrections for 
temperature, pressure, and humidity; and reflection effects at the walls. The 
first and third items constitute the most significant modifications.
The reverberant term modification is proposed as
Re verberant Term =
M FP
a  +  -
4 Vm A ( 2 .6 )
where MFP = mean free path, m;
r = distance from source to receiver, m;
S = the wall surface area, m; 
a  = average room absorption, Sabines; 
m = air absorption coefficient, m;
V = room volume, m 3.
The first term of equation 2.6 is an empirically based expression to correct for 
the non-uniform reverberant energy found in actual rooms. The second term 
contains air absorption coefficient, m.  In large rooms where sound waves 
spend a significant amount of time in the air before striking a reflecting
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surface, it is necessary to consider the absorption effects of the air.
The direct term modification is given by
Q* e~inr 
4 n r 2 (2.7)
where
Q*
4 7t r 2
actual area of sound propagation ( 2 .8 )
This definition permits the consideration of non-spherical sources. 
Also, since Q* is a function of the source to receiver distance, r, the change in 
directivity with increasing source receiver separations can be considered. For 
example, in a long, narrow room for a spherically radiating source, the source 
radiation surface decreases from a spherical pattern to that o f the room cross 
section, as the receiver point is moved away from the source.
The final equation is shown below
Equation 2.9, combining "common sense" corrections and an empirical 
attempt to modify the mean free path, provides a measurable improvement 
over the standard equation.
-  101og10
T + 460 30
+ (2.9)527 BP
where
T = temperature, °F,
BP = barometric pressure in inches of Hg
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Equation 2.9 was used to predict the sound pressure distribution in a 
disproportionate room with unevenly distributed absorption by Thompson. 
The dimensions of the room are given on Figure 2-2. The data were plotted 
on Figure 2-3. This figure clearly demonstrates the steady decay of the
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Figure 2-2 Layout of the Room, Sound Source and Receiver Points
reverberant energy with increasing distance from the source, as opposed to the 
room acoustic prediction of constant reverberant energy.
Although the modified room acoustics equation did a good job for the 
room examined by Thom pson,141 it did not model the sound pressure 
distributions in classrooms, nor in typical furnished spaces.191 Therefore, 
further investigation for the limitations to the modified equation is necessary. 
It should be applied with care.
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2.4 THE WAVE ACOUSTIC THEORY
The wave acoustic theory is based upon the motion of waves in a three 
dimensional bounded space. In particular, it has been found possible to apply 
the mathematical techniques of wave acoustics to problems of architectural 
acoustics in simple enclosures, such as rectangular boxes, cylindrical tubes, or 
spherical shells. From the wave acoustic viewpoint, a room may be treated as 
a complex resonator having numerous allowed modes o f vibration, each with 
its own characteristic frequency of damped free vibration. W hen a sound 
source is started in such a resonator, a steady-state vibration having the
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frequency of the source is set up, together with a transient free vibration 
composed of the various normal modes of vibration in the room. If the sound 
source is operated continuously, each component frequency of the transient 
dies out exponentially at its own particular rate, eventually leaving only the 
steady-state vibration.
When the source is shut off, the steady-state waves having the frequency 
o f the impressed sound almost immediately disappear. However, at any 
instant, the steady-state vibration can be considered as being composed of a 
large number of standing waves characteristic of the room, j ust as the force or 
initial motion of a string can be built up out of a Fourier series. The amplitude 
o f each of these standing waves depends primarily on the frequency of the 
source, the acoustic impedance of each wave with respect to this frequency, 
and the position of the source in the room. Consequently, when the source is 
shut off the acoustic energy in the room is considered to reside in these 
standing waves, largely in those having natural frequencies near that o f the 
source. As these waves damp out exponentially according to their individual 
free-vibration properties, they often interfere with one another and thus 
produce beat notes. The resulting damped pulsations of these free vibrations 
constitute the phenomenon of reverberation.
Unless all the excited modes of vibration decay at the same rate, wave 
acoustics will not predict a unique value for the reverberation time of a room. 
Instead, it is to be anticipated that the rate of decay of acoustic energy will at 
first be rapid, corresponding to a short reverberation time. The sound energy 
will then decrease stepwise with correspondingly longer and longer 
reverberation times as the more rapidly damped waves successively die out. 
This latter behavior is readily observable at low frequencies in reverberant
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chambers whose walls differ markedly in their absorption characteristics.
The characteristic frequencies of vibration of the standing waves in a 
room depend primarily on the shape and size of the room; whereas their rates 
of damping depend chiefly on the boundary conditions, i.e., on either the 
normal specific acoustic impedance or the absorption coefficient at the walls. 
This is fortunate, for it enables us to use the simplest possible boundary 
condition, that of perfectly rigid walls and no damping, in deriving expressions 
for the characteristic frequencies. The effect of the acoustic conditions at the 
walls on the damping of the vibrations may then be considered as a perturbation 
of these simple conditions.
Here several equations are given only for the simplest sort o f enclosure, 
a rectangular room whose sides have lengths lx, 1 , lz. The three-dimensional 
wave equation in term of sound pressure is
N 92 P (x ,y ,z ,t)
Co V P (x ,y ,z ,t)  -  ------ — --------  = 0 (2.10)
d t"
where
d 2 d 2 d 2 
V- = — r  + ^ - ^  + (2 . 11)d x 2 d y 2 d z 2
can be used to examine the sound field in a small rectangularly shaped room. 
If
P (x ,y ,z ,t) = P (x ,y ,z )e JM1 (2.12)
P(x ,y ,z) = P(x) P(y) P(z) (2.13)
the solution for equation 2.10 is given by
«  -  -  |. - j j -
P (x ,y ,z ,t)  = X  X  X A >mn cos[K ,(l)x]cos[K y(ni)y ]co s |K l(n)z
1 = 1  m = l  n = l
(2.14)
9 0
where
A, = constant determined by initial conditionsI  m  n  J
1 n
r
m K
K x ( l )
K y ( m )
K
l.v 
n 7t
? . ( n )
1 = 1,2,3, ••• 
m = 1,2,3, ••• 
n = 1,2,3,
C07t, ( -
2 (  \ 
m
2
f  \n
\  J
+
l * y j
+
l u
(2.15)
(2.16)
(2.17)
(2.18)
Equation 2.14 is a general expression for pressures in any of the 
allowed standing waves produced inside a rigid-walled rectangular enc losure. 
The component wavelength constants kx , ky , and kz in this expression are 
limited to the values given by equations 2.15, 2.16, 2.17, respectively. This 
limitation in turn restricts the characteristic frequencies corresponding to the 
allowed normal modes of vibration, as obtained from equation 2.18,
f
(0I m n
I m  n 2 k
(  A2 (  A2m
(2.19)
\  L J
A knowledge o f the characteristic frequencies of a room is essential to 
a complete understanding of its acoustic properties, for the room will act as a 
resonator and respond strongly to those impressed sounds having frequenc ies 
in the immediate vicinity of any of these characteristic frequencies. Because 
of this, we wish the frequencies associated with the natural wave modes in a 
small rectangular room as close together as possible. A useful quantity to 
examine this is the number of normal modes having frequencies in a band of 
width centered on/ .  An approximate expression for this quantity AN is given
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by
A N  =
where
V : TtS _ L A  — f H — f H------
V Cq 2 C l  8 C 0 j
Af (2.20)
V = volume of the room, m3 
S = wall surface area, m2 
C() = velocity of sound in air, m/s 
L = sum of the lengths of all edges of the room, m 
Equation 2.20 indicates that the number of normal modes of vibration in a 
given frequency band of width Af increases rapidly as the center frequency 
of the band, or the size of the enclosure, is increased.
Another observation can be made from equation 2.19. The response of 
a room becomes less uniform as its symmetry is increased. This results from 
the increase in the number of degenerate normal modes, i.e., standing waves 
having different individual n's but the same characteristic frequency. This 
grouping of characteristic frequencies leaves large intervals within which 
there is no characteristic frequency.
As we have seen in this section, the mathematical results of sound 
pressure distribution in a room were given by acoustic wave theory. But the 
price needed to pay is very complicated calculations, even for very simple 
enclosures, such as rectangular boxes, cylindrical tubes, or spherical shells. 
For complicated shaped enclosures, it is impossible to get explicit solutions. 
This fatal limitation severely restricts the application of this theory.
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2.5 COMPUTER MODEL
The classical approach to predict sound pressures in large enclosures 
has been to use geometric acoustic concepts by assuming that a diffuse sound 
field exists in a room. This assumption is valid as long as the room dimensions 
do not exceed about 1: 1.5: 2 and all wall absorption coefficients are nearly 
the same. If these conditions are not met, the results obtained by assum ing a 
diffuse field to exist may be significantly in error. The advent of the high­
speed digital computer has made possible the prediction o f sound pressure 
levels inside of enclosures which do not meet the diffuse field requirements. 
There are two major algorithms employed for computer m odels: image source 
technique and ray-tracing technique.
The image model is a technique that is widely known for analyzing the 
acoustical properties of a space that includes reflecting boundaries. The 
method of images make it possible to represent a boundary-value problem in 
terms of an equivalent problem involving multiple sources, but no boundaries. 
Sound trajectories between a source and a microphone are represented by 
mirror sources. As the number of possible trajectories normally increases with 
increasing reflection order, so will the number of image sources. The strength 
o f this method is that applied rigorously it will give all possible trajectories 
between a source and a receiver. This provides echograms which are correct 
within the theory of geometrical acoustics. The weak point of the method is 
that even though the images are easy to construct mathematically, most of 
them are either not visible from a given microphone position, i.e. they do not 
contribute impulses to the echogram, or they are not visible from any point in 
the room and therefore do not take part in the process of energy conservation.
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The process of screening for such image sources is very time consuming when 
applied to high-order reflections. Also, the image source model takes only 
specular wall reflections into account. Diffuse sound scattering from a 
structured surface is totally neglected.
Ray-tracing is a more popular technique for analyzing the sound paths 
in large enclosures because it tends to be easier to program than the image 
model, particularly for complex geometries. To use this method, it is 
necessary to predict the significant sound paths from a source to a receiver. 
Once these paths have been found it is only necessary to determine the 
absorption of each surface the sound ray strikes, and to sum all of the energy 
contributions arriving at the measuring point. The disadvantage of this 
approach is that there may be a great number of im portant sound paths that 
must be found in any real room. Thus, considerable computing power and 
computing time may be required using geometric acoustics concepts.
It has been found that many large rooms have one or more sets of plane 
surfaces as boundaries which are relatively close together. Under these 
conditions, it has been shown that the reflected sound paths between the 
closely spaced parallel walls can be the dominant acoustical feature. This type 
of reflection path is easily handled. The geometry of the ray paths can be 
determined with the aid of Figure 2-4 and 2-5.
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Figure 2-5 Geometry For Two Reflection Sound Paths
The only assumption needed is that the angle of reflection at a boundary 
is equal to the angle of incidence. Figure 2-4 shows the simplest reflected ray s : 
those undergoing only one reflection. The ray paths SAR and SBR can most
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easily be determined by using the "image sources" S , and S2 . These locations 
can be found by successive rotations of the figure around the lines representing 
plane 1 and plane 2. Path length SAR can easily be found, as it is equal to the 
path length S( AR.
(SAR) = J ( 4 x ) 2 + ( y s + y R)2 (2.21)
For path SBR (or S2BR) the length is
(SBR) = V/(Ax)2 + [ 2 H - ( y s + y R)]2 (2.22)
A similar procedure is followed for cases involving higher numbers of 
reflections. Path SABR in Figure 2-5 has the length
(SABR) = >/(Ax)2 + [ 2 H - ( y R - y s )]2 (2.23)
and path SCDR has the length
(SCDR) = )/ (Ax)2 +[2H + (yR -  ys ) f  (2.24)
This procedure is followed for succeedingly higher numbers of 
reflections. Four cases must be considered. Separate consideration must be 
given to ray paths involving even or odd numbers of reflections from the walls. 
Rays undergoing even or odd numbers of reflections must be further categorized 
between those which strike the upper plane first and those which strike the 
lower plane first. The equations can also be written in terms of the number of 
reflections along the path. The equations are as follows:
For the odd number / of reflections the lengths / are given by
if, = ( A x ) ‘ +[iH + (ys + y R -  H)]~, (lower wall first) (2.25)
1 ”3 = ( Ax) '  + [ i H - ( y s + y R -  H)j" .(upper wall first) (2.26)
For the even number j  of reflections the lengths o f I are given by
I ■ 2 = (Ax)2 + [iH -  (y R -  ys )]’ .(lower wall first) (2.27)
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lj_4 = (Ax) '  +[iH + (yR - y s )] ,(upper wall first) (2.28)
W ith the geometry problem solved, attention can next be turned to 
determining the reduction in intensity along each ray path. Calculations for 
the reduction in intensity along a ray path rest on two basic assumptions. First, 
the intensity along each ray path is assumed to decrease because of spherical 
spreading of the sound energy. Second, all of the acoustic absorption is 
assumed to take place at the walls and to be independent of the angle of 
incidence of the sound. In fact, absorption of most surfaces does vary with 
angle, but the process of summing over several ray paths (angles) has an 
averaging effect similar to that implicit in reverberation room determinations 
of the random-incidence absorption coefficients used in the calculation.
The acoustic energy arriving at a receiver location after undergoing 
reflections and absorptions along a given ray path can be determined with the 
aid of Figure 2-6. If the acoustic source is emitting W  watts of acoustic power,
P l a n e  2
P l a n e  1
Figure 2-6 Two Reflection Ray With Intensities Indicated Along Ray Path
the intensity arriving at the first reflection point I, is given by
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I, =
W
4 K if
I, = I, (1-o t . )  =
'  w  ^
v 4 r c i ;  j
(2.29)
(2.30)
This intensity is further reduced because of spherical spreading before the 
second reflection. The incident intensity for the second reflection is, therefore.
f r0 f w  ]U J {4KI; jh  = h
After reflection and absorption
(  W ^
At the receiver location, the result is
Is = h f 1-2 ! r  w  ]U J 1 4 tt l 2 J
( 1 - a , )
( l - a , ) ( l - a 2)
(2.31)
(2.32)
(2.33)
For convenience, this can be expressed in terms of I , the intensity at the 
receiver along the direct transmission path
W
Is = 4 k  r2 (2.34)
The expression can also be revised to include m  reflections from plane 1 and 
n reflections from plane 2.
h  = Is
f  i  \  V'
V 1 /
( l - a . r O - a J " (2.35)
This general equation can now be applied to each of the four reflection cases 
introduced above, then summing intensities along the ray paths. This gives
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i- i
j = even
(2.36)
Equation 2.36 is easy to program.
2.6 EMPIRICAL ROOM EQUATION
In 1983, Theodore J. Shultz proposed an improved relationship 
between sound power level and sound pressure level in domestic and office 
spaces totally based on an empirical data regression.19' This report was 
prepared for American Society of Heating, Refrigerating and Air-Conditioning 
Engineers, Inc. The original intention in this project was to review the existing 
literature dealing with sound propagation in non-Sabine spaces. It was 
expected that some of the theories and models of sound propagation developed 
for such spaces could be adapted to improve the familiar relationship between 
sound power level and sound pressure level given by the diffuse field theory, 
which does not work well in domestic and office spaces. It turned out, 
however, that none of the existing non-Sabine theories were satisfactory. 
Instead, a simple empirical relationship was found to predict the sound 
pressure level in a room with reasonable accuracy, from a knowledge of the 
sound power level of the source, the room volume, the frequency, and the 
distance from the source. This empirical relationship is given by
LP = Lw —5logl()[V] 3 log 10 [f ] 10log 10[r]H-25 (2.37)
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where Lw is the sound power level of the sound source, r(ft) is the distance 
between the sound source and receiver, V(ft3) is the room volume, and f(Hz) 
is the octave band center frequency.
Shultz examined rooms that had volumes that ranged from 322 ft3 to 
40,000 ft3. The room volumes associated with the majority of his data ranged 
from around 1,100 ft3 to around 3,000 ft3. Most of the rooms Shultz examined 
were typical living rooms found in homes. He took into account the geometric 
characteristics of the rooms he examined through measuring the room 
volumes. He did not take into account the acoustic characteristics of the rooms 
he examined in his investigation. Shultz also indicated that equation 2.37 
applied only to reasonably proportioned rooms in which the longest dimension 
is less than 45 feet. Like other methods, equation 2.37 also has its own 
restrictions. It should be applied with care.
Chapter 3
Measurement Procedure
In order to develop an empirical relationship between the pressure level 
and the power level, it is necessary to have a substantial body of field measured 
data from a variety of spaces of interest, in which the sound pressure level at 
different frequencies is measured at different distances from a source whose 
sound power level is accurately known. This chapter describes the details of 
measuring reverberation time and sound pressure level.
3.1 INSTRUMENTATION
The following pieces equipment were used to carry out the measurement.
3.1.1 Norwegian Electronics Type 830 Real Time Analyzer
This analyzer is a "true" dual channel analyzer where simultaneous 
measurements of sound or vibrations in two independent channels can be 
made simultaneously. By using different instrument setups, the analyzer can 
be used to measure sound pressure levels and reverberation times.
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3.1.2 ACO Type 7046 Microphone
One ACO type 7046 microphone was used to measure sound signals 
at desired positions. The open circuit sensitivity of the microphone is -16.8 
dB re 1 vo ltperpascal,atatm osphericpressureof760m m ofH g. Itis an om ni­
directional microphone. It also met the requirements for use in a type 1 
precision sound level meter according to ANSI S I .4-1971 (R 1976).
3.1.3 Acculab Reference Sound Source
An Acculab R.S.S.-101 (0681) broad-band sound generator was used. 
It was manufactured by Acculab-Columbus company in Ohio 43220. This 
broad-band sound generator was calibrated at UNLV according to the 
procedures specified by ANSI s 12.35. The average sound pressure levels and 
sound power level of the sound source are shown in Table 3-1.
3.1.4 Two-Way Hand Pump
Type 84HK Double Action Hand Pump was used to pump air into 
balloons. The dimensions of the bump are 15 inches long and 4 inches in 
diameter. The effective piston range is 12 inches. It was powered manually.
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Table 3-1 Average Sound Pressure Levels and Sound Power Levels of
Acculab R.S.S. - 101(0681)
Average Sound Pressure Levels (dB)
Freq. L
p
Freq. L
p
Freq. L
P
25: 54.70 32: 56.50 40: 63.83
50: 65.71 63: 61.92 80: 61.54
100: 61.69 125: 63.78 160: 62.57
200: 62.69 250: 62.39 315: 61.73
400: 63.42 500: 63.14 630: 63.05
800: 63.84 1000: 65.07 1250: 66.20
1600: 66.53 2000: 65.36 2500: 63.71
3150: 62.87 4000: 61.78 5000: 63.90
6300: 64.39 8000: 61.28 10000: 55.98
Average Sound Power Levels (dB)
Freq. L
p
Freq. L
p
Freq. L
p
25: 64.25 32: 66.04 40: 73.37
50: 75.26 63: 71.47 80: 71.09
100: 71.23 125: 73.33 160: 72.12
200: 72.24 250: 71.93 315: 71.27
400: 72.96 500: 72.68 630: 72.59
800: 73.38 1000: 74.61 1250: 75.74
1600: 76.08 2000: 74.90 2500: 73.25
3150: 72.41 4000: 71.33 5000: 73.44
6300: 73.93 8000: 70.82 10000: 65.53
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3.1.5 Balloon
Tuf-Tex balloons were used as impulse sound sources to measure 
reverberation time. They are produced by the M aple City Rubber company 
in Norwalk, Ohio 44857.
3.1.6 XL33D Tape Measure
A XL3 3 D engineering tape measure was used to measure th~ dimensions 
of rooms.
3.2 ROOM TYPE AND CHARACTERISTICS
Seventeen rooms were examined in this project. The volumes of the 
rooms that were examined ranged from 2,672 ft3 to 149,000 ft3. The sound 
absorption coefficients ranged from 0.096 to 0.406. Most o f the rooms are 
rectangular.
3.2.1 Room Size
All rooms are divided into two groups: small rooms and large rooms 
according to their dimensions. Twelve small test rooms are given in Table 3- 
2, and eight large test rooms are listed in Table 3-3. Rooms Senior Citizens 
Center, B 176, and B 172 are overlapped in both small and large rooms.
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Table 3-2 Twelve Small Test Rooms
Rooms s. (ft2) V. (ft3) MFP(ft)
B 109 1246 2672 8.57
B365 1580 3720 9.42
A308 2216 5760 10.4
A l l l 3172 8490 10.7
B 172 4223 16417 15.55
B 176 5203 16931 13.02
H201 1656 4032 9.74
H211 1342 3015 8.99
H235 2406 6400 10.64
Alumni Building Lounge 3316 9396 11.34
Sunrise M ountain Church 2654 6769 10.2
Class Room
Senior Citizen Center 6687 27593 16.39
Table 3-3 Eight Large Test Rooms
Room s S. (ft2) V. (ft3) M FP(ft)
Our Lady of Las Vegas 17600 149000 33.86
Community Luther Curch 13940 90860 26.07
Christ the King Church 10853 63790 23.51
Alumni Center Great Hall 11027 72435 26.28
Senior Citizen Center 6687 27593 16.39
B 172 4223 16417 15.55
B 176 5203 16931 13.02
Sunrise M ountain Church 10828 55125 20.3
Sanctuary
37
3.2.2 Room Characteristics
Most of rooms examined in UNLV were typical rectangular class 
rooms whose walls were constructed of concrete blocks. Some walls were 
covered with sound absorptive materials. Acoustical panels were mounted on 
all ceilings and standard tiles on all floors. Two thirds of the floor area were 
occupied by chairs. The acoustical characteristics of the rooms examined 
outside UNLV were varied from one by one.
All room acoustical characteristics were given by their average sound 
absorption coefficients calculated from their reverberation times. The equation 
used to calculate average sound absorption coefficient is given by
The average sound absorption coefficients for the rooms that were examined 
are listed in Table 3-4. The room environments consisted of average 
temperatures of 75 degree Fahrenheit, with average relative humidities below 
15 percent. The maximum background noise pressure level is 39 dB in 63 Hz.
(3.1)
where
V = room volume, ft3
S = total room surface area, ft2
T = reverberation time, second
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Table 3-4 Sound Absorption Coefficients of the Rooms Examined in 
This Thesis
— i ^ p ^ — mi— — —nin w^ — —
1/1 Octave Band Center Frequency - Hz 
Rooms 63 125 250 500 IK 2K 4K  8K
College of Engi. Rm A 111 0.19
College of Engi. Rm A308 0.15
College o f Engi. Rm B172 0.18
College o f Engi. Rm B176 0.10
College o f Engi. Rm B109 0.09
College o f Engi. Rm B365 0.09
Humility Building H201 0.10
Humility Building H 2 11 0.09
Humility Building H235 0.10
Alumni Center, Lounge 0.20
Alumni Center, Great Hall 0.15
Sunrise M ountain Church 0.14
Class Room
Sunrise M ountain Church 0.19
Sanctuary
Senior Citizen Center, 0.18
M ulti-Function Room
Christ the King Catholic 0.24
Church, Social Hall
Community Lutheran 0.21
Church, Sanctuary
Our Lady of Las Vegas 0.21
Catholic Church, Sanctuary
0.21 0.24 0.28 0.28 0.23 0.21 0.29
0.15 0.12 0.17 0.19 0.16 0.18 0.27
0.14 0.16 0.20 0.18 0.19 0.20 0.34
0.13 0.13 0.21 0.28 0.28 0.30 0.36
0.10 0.15 0.19 0.24 0.25 0.24 0.26
0.13 0.11 0.16 0.18 0.14 0.13 0.20
0.15 0.12 0.15 0.18 0.17 0.16 0.21
0.12 0.10 0.13 0.16 0.16 0.16 0.21
0.13 0.11 0.13 0.17 0.14 0.15 0.21
0.23 0.20 0.17 0.16 0.15 0.17 0.27
0.14 0.11 0.12 0.15 0.18 0.23 0.41
0.17 0.20 0.18 0.14 0.16 0.21 0.28
0.26 0.25 0.25 0.25 0.23 0.27 0.45
0.13 0.13 0.11 0.10 0.10 0.15 0.27
0.17 0.10 0.08 0.08 0.11 0.16 0.31
0.24 0.23 0.24 0.24 0.26 0.28 0.38
0.24 0.27 0.27 0.28 0.28 0.31 0.40
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3.3 TESTS
Two sets of sound tests were conducted in the rooms that were
exam ined in this project. The first one is reverberation time measurements
and the another one is L measurements.
P
3.3.1 Reverberation Time Measurement
R everberation tim e m easurem ents were based on an average 
measurem ent of decay rates of sound energy in a room after the rupture of 
balloons. The block diagram of the instrumentation system for the reverberation 
tim e measurements is shown in Figure 3-1.
B a l l o o n
N o r w e g i a n  T y p e  8 3 0  R T A
ACD T y p e  7 0 4 6  M i c r o p h o n e
Figure 3-1 Instrumentation System For Reverberation Time Measurement
This system consisted of Tuf-Tex balloons, an ACO Type 7046 (13 
mm) microphone, and a Norwegian Electronics Type 830 Real Time 
Analyzer. Before each of set measurements, a multifunction acoustical
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calibrator type 4226, which met the requirements of ANSI s i .40-1984, was 
applied to the microphone for checking the instrument calibration. Balloons 
were pumped up by a Two-W ay Hand Pump.
A pin was used to burst the balloons in one of the room corners. A 
maximum number of natural room modes can be excited at this special 
position since the corner of a room is an anti-node for all natural room modes 
that can be excited in any frequency bandpass. Five balloons were burst for 
each reverberation time test. Corresponding sound pressure level measurements 
were made at five separate locations within the room. This makes it possible 
to sample the sound field at various locations and get sufficient sampling of 
the reverberant portion of the sound, thus adding to the precision o f the 
measurements. The reverberation time algorithm in the Type 830 Real Time 
Analyzer was used to average the five sets of sound pressure level signals and 
to calculate the corresponding third octave band reverberation times for the 
room. The reverberation times were calculated for the third octave frequency 
bands from 50 Hz to 10,000 Hz. The reverberation times for the three third 
octave frequency bands within each octave frequency band were combined to 
calculate the corresponding octave band reverberation times. Reverberation 
times were calculated for the octave frequency bands from 63 Hz to 8,000 Hz. 
After the octave band reverberation times were determined, the corresponding 
average room  sound absorption coefficients were calculated. A computer 
program, revtim2 .bas (Appendix D)113', was used to carry out these calculations. 
The input data required by this computer program were: third octave
reverberation times, room volume, and room surface area. Then the octave 
band reverberation times (Appendix A) and average sound absorption 
coefficients were calculated.
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3.3.2 L Measurement
P
The following equipment was used for Lp measurement: one Acculab 
Reference Sound Source; one Type 830 Real Time Analyzer; one ACO 
Type 7046 Microphone. The block diagram of the instrumentation system 
is shown in Figure 3-2.
ACD T y p e  7 0 4 6  M i c r o p h o n e
Acculab Reference Sound Source
N o r w e g i a n  T y p e  8 3 0  R T A
Figure 3-2 Instrumentation System For Lp M easurement
Acculab Reference Sound Source was placed in the room at a location 
approximately 20 percent of the distance between the front and rear walls 
along the longest floor dimension of the room. This location was chosen to 
minimize reflected sound energy. Third octave band sound pressure levels 
associated with the reference sound source were made at 2-foot intervals 
between the reference sound source and the furthest wall along a straight line. 
This interval is labeled as r in the equation developed in this project as well 
as the value illustrated on graphs for certain function plots. The microphone
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was set to 3-foot high from floor. The period of observation was set to 30 
seconds for all measurements.
3.3.3 L -L Calculation
P w
The sound pressure levels Lp, along with the corresponding known 
sound power levels of the reference sound source, were used to calculate the 
respective octave Lp - Lw values. The octave band Lp - Lw values were obtained 
for octave frequency bands from 63 Hz to 8,000 Hz. The values of Lp - Lw for 
all rooms are given in Appendix B. Also the values of L p - Lw are plotted in 
Appendix E. On these plots the value o f Lp - Lw was plotted as a function of 
r using a semi-log plot.
Chapter 4
DEVELOPMENT OF EMPIRICAL 
EQUATIONS
The procedures used to develop regression equations are described in 
this chapter. The procedures are fairly straight forward. However, they 
entailed the manipulation of a large amount of data. Two regression equations 
were developed. One is for small rooms (volume less or equal to 27,395 ft3), 
while another is for large rooms (volume greater or equal to 16,416 ft3).
For each octave frequency band in each room, the Lp - Lw data was 
plotted as a function of log j G[r]. A regression analysis was conducted on each 
data set to obtain equations of the form
It produced 136 curves in all (17 rooms, 8 frequencies). The values A and B 
are given in Appendix C as C ofl and Cof2. This primary regression was 
carried out by a computer program, regression.bas (Appendix D)113 |.
4.1 PRIMARY REGRESSION
Lp - L w = A + B logl0[r] (4.1)
4.2 FINAL REGRESSION
Before the multi-variable regression analyses were conducted, a data
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base (Appendix C) was created. In this data base, cofl was taken from A in 
equation 4.1, and cof2 was B in equation 4.1. Cof3 was the constant value that 
Lp - Lw approached in the reverberant sound field in large rooms. This data 
base was converted by the computer program cha-data.bas (Appendix D )1131 
to a new, but more complicated data base which could be input directly into 
the regression computer program. Individual regression analyses were 
conducted by treating co fl, cof2, and cof3 as dependent variables. One 
regression analysis was conducted relative to co fl, one was relative to cof2, 
and one was relative to cof3. Room volume, room surface area, S a , mean- 
free-path, octave band center frequency, and reverberation time were the 
independent variables. Stepwise multiple regression was chosen in these 
analyses.
4.2.1 Empirical Equation For Small rooms
For small rooms, A (cofl) was equal to -3.6. The reason A was chosen 
to be a constant is that it is simple, but with accepted accuracy. Thus,
A = -3.6 (4.2)
B (cof2) was given by
logio [ -  B] = -  1.06-0.9448log 10[T ]+ 1.696logl0[MFP] (4.3)
or
r \  r \n * 7  » - r i - ’T-v I 7_ u.uo/ivirr
B = --------^ ------  (4.4)
B was simplified to
0.09 MFP17
B = ---------    (4.5)
A reverberant sound field did not exist in the small rooms, thus cof3 was not
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evaluated for small rooms.
The final regression equation for small rooms, resulting from a 
compiling of the results of the two individual regression analyses, is given 
below,
Lp - L w = - 3 . 6 -  101ogl0[ra] (4.6)
where
0.009 MFP17
a = -------------------------------------   (4.7)
Lp(dB) is the sound pressure level at a distance r(ft) from the sound source. 
Lw(dB) is the sound power level of the sound source. MFP(ft) is the mean- 
free-path of the room. T(s) is the reverberation time.
4.2.2 Empirical Equation For Large Rooms
In large rooms, the energy density is composed of direct field and 
reverberant field components. The direct field component can be obtained 
from
( LP “  Lw )d = A + B logl0[r] (4.8)
Equation 4.8 is same as equation 4.1. A (cofl) was obtained from the
regression results
A = 4 0 -37.931ogl0S + 22.41 log10V
A = 40+ 101ogl0S~379 + 101ogl0 V 224(4.9)
or
-  y 2 . 2 4
A = 40+101oglo
where
S*97 (4.10)
46
V = room volume, (ft3)
S = room total surface area, (ft2)
B (cof2) was obtained from the regression results 
l°gI0[ -  B] = 0.067 -  0.71ogl0[T] + 0.74 logi0[MFP]
or
B = -1 .2
/  *  r  T 'T J  \  0 -7 4' M FP'
(4.11)
(4.12)
where MFP(ft) is mean-free-path of the room, and T(s) is reverberation time. 
Substituting A and B into equation 4.8, yields
' v 224
(l p - l -L 40 + lOlog,
(  MFP^j
-  1.2
I T J
0.74
log,oM
(L p -  Lw)d = 40 + lOlog,
r 2.24
S3 97 ra
where
a =  0 .12
! MFP 74
T
(4.13)
(4.14)
The reverberant component can be obtained from (Lp -  Lw j (cof3). 
(Lp - L w)r = 31.55 + 22.421ogI0[T] -  11.961og10[v ] (4.15)
or
0.14T 1.24
(4.16)(Lp - L w)r = 40 + lOlog,
where (L p -  Lw j represents the reverberant field component in large rooms. 
The final regression equation for large rooms was obtained by combining the
direct field and reverberant field components. This yielded 
Lp - L w = 40 + 101og10
V2 24 0.14T224
S379 ra V1.2 (4.17)
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where
a = 0.12 MFP (4.18)
Lp(dB) is the sound pressure level at a distance r(ft) from the sound source. 
Lw(dB) is the sound power level of the sound source. MFP(ft) is the mean- 
free-path of the room. T(s) is the reverberation time. V (ft3) is the room 
volume. S(ft3) is the room total surface area.
Chapter 5
Discussion Of Results
Empirical equations 4.6 and 4.17 for small and large rooms are plotted 
in Appendix E. There are a total of 160 plots for 17 rooms and 8 different 
frequencies (three rooms overlapped). The measured L p - L w values and the 
corresponding values predicted by Schultz's equation were also plotted for 
comparison purpose.
5.1 VARIABLES
Sound pressure distribution in rooms is affected by many factors. 
Among them, the distance r (ft) between the sound source and receiver, room 
volume V (ft3), room total surface area S (ft2), room sound absorption a  
(Sabine), frequency f (Hz), and effects of scattering are main ones. Some of 
these variables can be measured directly, such as r (ft), V (ft3), S (ft2), and f 
(Hz), while others can not. In many class rooms, theatres, churches, offices, 
and houses, effects of scattering are significant. Therefore, reverberation time 
T (s) (equation 1.2) and mean free path MFP (ft) (equation 2.4) are introduced 
here as variables. Equations 1.2 and 2.4 give an indication that these two 
variables are related to room sound absorption a  and the effects of scattering. 
Thus, seven variables, r (ft), V (ft3), S (ft2), f (Hz),lx (Sabine), T  (s), and MFP
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(ft) are selected to develop the regression equations. During the regression 
process, stepwise regression analyses were conducted. Statistically insignificant 
variables were deleted from the equations. The analyses lead to
Lp - Lw = f (r, MFP, T) (5.1)
for small rooms, and
Lp - Lw = f (r, MFP, V, S, T) (5.2)
for large rooms. These relationships are simple, but with acceptable accuracy. 
Only data for the octave band center frequencies from 125 Hz to 8,000 Hz 
were used for the regression analyses.
52. SCHULTZ'S EQUATION
Schultz's equation is also a regression equation and is given by
Lp = Lw — 5 log 10 [ V] — 3 log 10 [ f ] — 10 log l0 [ r] -t- 25 (5.3)
Relative to the data have been used to develop equation 5.3, this equation can 
be used to predict the sound pressure in a room with considerable accuracy 
( ±  2-1/2 dB). Shultz examined rooms that had volumes that ranged from 322 
ft3 to 40,000 ft3. The room volumes associated with the majority of his data 
ranged from around 1,100 ft3 to around 3,000 ft3. M ost of the rooms Shultz 
examined were typical living rooms found in homes. He took into account the 
geometric characteristics of the rooms he examined through measuring the 
room volumes. He did not take into account the acoustic characteristics of the 
rooms he examined in his investigation. Since most of the rooms examined 
by Schultz were living rooms, these rooms were typically acoustically 
medium dead. Referring to Figures D-17, D-18 (Room B109), D-23, and D- 
24 (Room A 111) in Appendix E, Schultz's equation did a good job since these
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rooms are small and acoustically medium dead. But Schultz's equation does 
not apply to rooms that are acoustically different from the ones he examined. 
This can be seen from Figures D-29, D-30 (Room H201), D -31, D-32 (Room 
H 2 11), D-33, D-34 (Room H235), D-39, and D-40 (Senior Citizen Center) in 
Appendix E. All these rooms were acoustically medium live or live. 
Deviations from Schultz's equation for these rooms reached as high as lOdB. 
Typical values for a  are given in Table 5-1.
Table 5-1 Average Sound Absorption Coefficient, a ,  for typical 
Room Surfaces
1/1 Octave Band Center Frequency - Hz 
63 125 250 500 IK  2K 4K  8K
DEAD 0.2 0.28 0.3 0.4 0.47 0.45 0.44 0.4
Acoustic ceiling, plush carpet, 
soft furnishings, and drapes
M EDIUM  DEAD 0.2 0.23 0.24 0.25 0.28 0.27 0.26 0.24
Acoustic ceiling and 
commercial carpet
AVERAGE 0.18 0.19 0.19 0.2 0.23 0.22 0 .2 1 0 .2
Acoustic ceiling or 
comm ercial carpet
M EDIUM  LIVE 0.18 0.17 0.14 0.15 0.15 0.14 0.13 0.12
Some acoustic material, mostly 
hard reflecting surfaces
LIVE 0.18 0.14 0.110.1 0.1 0.1 0.1 0.1
All hard reflecting surfaces
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Schultz's equation indicates that the rate of decrease of sound pressure 
levels in rooms is -3 dB per doubling of distance from the sound source. For 
medium live to live rooms the rate of decrease of sound pressure levels 
decreases at the rate of -1.5 - 2.0 dB per doubling of distance from the sound 
source. In addition, the energy density in a large room is composed of direct 
field and reverberant field components. This fact can be seen from Figures D- 
5, D-6 (Our Lady of Las Vegas), D-7, D-8 (Community Lutheran Church), D- 
11, D-12 (Alumni Center Great Hall), D-15, D-16 (Sunrise Church) in 
Appendix E. As the distance from the sound source increases in large rooms, 
a reverberant sound field develops, and the sound pressure level approaches 
a constant value.
5 3  CLASSICAL EQUATION
The classic room equation, or diffuse field theory equation, indicates 
that the behavior of sound propagation in rooms is just like the outdoor 
behavior in a region very close to the source. The sound pressure level 
deceases at -6 dB per doubling of distance. In the reverberant field, the sound 
pressure level is constant. As discussed in Chapter 2, the diffuse field theory 
should only be employed for omnidirectional sources in regularly proportioned 
spaces with uniform distributions of absorption and no scattering objects. For 
the rooms examined in this thesis, the effects o f scattering are significant. This 
resulted in sound pressure levels decreasing at around -2.5 dB per doubling of 
distance for small rooms. This is a big difference from diffuse field theory. 
Figures D -17 to D-40 in Appendix E strongly demonstrate this difference. In 
large rooms where sound waves spend a significant amount of time in the air
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before striking a reflecting surface, significant contribution to sound pressure 
level also comes from air absorption effects, especially at high frequencies. 
This leads to sound pressure levels decreasing at a rate o f -3.5 to -6 dB per 
doubling of distance, depending on room volumes. Figures D-2, D-4, to D- 
16 in Appendix E show these values in the 8,000 Hz octave frequency band. 
The transition from direct field to reverberant field is not very apparent in 
Figures D -1 to D -16 in Appendix E. This is also different from diffuse field 
theory curve plotted in Figure 2-1. Figure 5-1 shows that when scattering 
objects are present in a room, the decrease of sound pressure level with 
distance from a sound source is significantly less than what is predicted by the 
classical room equation. Also, when scattering is present, the figure indicates 
the transition between the direct and reverberant field (in large rooms) occurs 
at a longer distance from the sound source.
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Figure 5-1 Comparison Between Classic Equation and the 
Regression Equation Developed in This Thesis
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5.4 EQUATIONS DEVELOPED IN THIS THESIS
Two regression equations were developed in this thesis. One is for 
small rooms, and another is for large rooms. They are given by equations 4.6 
and 4.17, respectively. The effects of both the acoustic and geometric 
characteristic of the rooms that were investigated were examined to determine 
their respective contributions in converting from sound power level to 
corresponding sound pressure levels in rooms. Equations 4.6 and 4.17 have 
the following advantages as compared to Schultz's equation. First, equations
4.6 and 4.17 have a much broader range of application than Schultz's equation. 
The majority of rooms Shultz examined ranged from 1,100 ft3 to around 3,000 
ft3. Shultz's equation can only be used for rooms in which the largest room 
dim ension is less than 45 feet. Equation 4.17 can be used with reasonable 
accuracy in rooms where the largest dimension is up to 120 feet. This covers 
most industrial buildings, schools, theatres, churches, and large lecture rooms. 
However, care should be exercised when the largest room dimension becomes 
significantly larger than 120 feet. Figures D-2 to D -14 in Appendix E show 
that the agreement between the Lp - Lw values predicted by equation 4.17 and 
the corresponding measured values was good. In general, Shultz's equation 
could not be used for very large rooms. Second, equations 4.6 and 4.17 apply 
for all rooms that have acoustic characteristics that range from acoustic live to 
acoustic dead. In small rooms, Figures D -17 to D-40 tell us that the agreement 
between the Lp - Lw values predicted by equation 4.6 and the corresponding 
m easured values was good. Referring to Figures D-29, D-30 (Room H201), 
D-31, D-32 (Room H 211), D-33, D-34 (Room H275), D-39, D-40 (Senior 
Citizen Center), because these rooms were acoustically live, the agreement
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between the measured data and the values predicted by Shultz's equation was 
not good. Shultz's equation consistantly predicted lower sound pressure level 
by as much at 10 dB or more.
TheL  -L  data of room B 176, B 172, and Senior Citizen Center werep  w  7
used to develop the regression equations for both small and large rooms. 
Comparing Figures D -l, D-2 with D-27, D-28; D-3, D-4 with D-25, D-26; 
D-13, D-14 with D-39, D-40 in Appendix E, the curves of both equation 4.6 
and 4.17 overlapped very well for these three rooms.
5.5 DEVIATIONS
The Lp - L w data given in Appendix B and Figures D -1 to D-40 in 
Appendix E demonstrate that there is no single appropriate acoustical model 
that works satisfactorily for the rooms examined in this thesis. This happens 
because there are too many factors that affect the sound propagation in rooms. 
It is impossible to find an explicit solution that covers the effects of all factors 
discussed in section 5.1. In equation 4.6 for small rooms, only r (ft), MFP (ft), 
and T (s) were retained as statistically significant independent variables. V 
(ft3), S (ft2), a (Sabine), and f (Hz) were found to be statistically insignificant. 
Referring to Figures D -17 to D-40 in Appendix E, if a deviation range of ±  2- 
1/2 dB is set for equation 4.6 (small room equation), 99 percentage of 
measured data falls within this range. The primary exception is the 63 Hz data 
which were not used in the regression analyses. For equation 4.17 (large room 
equation), if we set a deviation range of.± 2-1/2 dB, 97 percentage of measured 
data falls within this range. The primary exception is the 63 Hz data which 
were not used in the regression analyses. Assuming a deviation range of only
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± 2-1/2 dB, equation 4.6 and 4.17 can be expected to give good results when 
calculating sound pressure level in a room associated with the presence of 
sound source in the room.
5.6 RECOMMENDATION FOR L -L ALGORITHM
p  > V
The equation for converting from the sound power level, Lw (dB), o f a 
sound source in small rooms (volume less than 30,000 ft3) to the corresponding 
sound pressure level, Lp (dB), at a specified location in small rooms is given 
by
Lp = L w - 10Ioglo[r“] + 101og]O[N] - 3.6 (5.4)
where
0.009 MFP17
a = -----------------  (5.5)
T
4 V
MFP = —  (5.6)
Lw (dB) is the sound power level of the sound source, r (ft) is the distance 
between the sound source and receiver. V (ft3) is the room volume. S (ft2) is 
the total surface area of the room. MFP (ft) is the mean-free-path of the room. 
T (s) is the reverberation time. N is the number of sound sources.
The equation for converting from the sound power level, Lw (dB), o f a 
sound source in large rooms (volume greater than 16,000 ft3) to the 
corresponding sound pressure level, Lp (dB), at a specified location in large 
rooms is given by
LP = L w+101og ,0
where
V224 0.14T 2.24
- +3.79 r a y l . 2 + 101og10[N] + 40 (5 .7 )
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0.12
I T
(5.8)
4 V
MFP = -----
S (5.9)
Lw (dB) is the sound power level of the sound source, r (ft) is the distance 
between the sound source and receiver. V (ft3) is the room volume. S (ft2) is 
the total surface area o f the room. MFP (ft) is the mean-free-path of the room. 
T (s) is the reverberation time. N is the number of sound sources.
As discussed in section 5.5, the deviations for both equation 5.4 and 5.7 
are ±  2-1/2 dB.
5.7 SIMPLIFICATION OF EQUATION 5.7
Equation 5.7 mainly consists of two parts: a direct field component and 
reverberant field component. The slopes of the regression equations in 
Figures D -l to D-16 in Appendix E are almost the same. This indicates that 
the values of V2 24/S3 97 in equation 5.7 are nearly the same for all large rooms. 
The values of V2-24/S 3-97 for the large rooms examined in this project are listed 
in Table 5-1. The average value for v 2-24/ s 3-97 is 5.6xl0"6 ft. Thus, equation
5.7 can be simplified to
where a, V, T, and N are the same as for equation 5.7.
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Table 5-2 The Values of V2 24/S3 97 for All Large Test Rooms
Rooms V ^ S 397 Rooms V ^ /S 397
Our Lady o f Las Vegas 6x10^ Senior Citizen Center 6 x ia 6
Community Luther Church 5X10-6 B 172 2X10-6
Christ the King Church 8X10"6 B 176 6x10^
Alumni Center Great Hall 7xl0"6 Sunrise Mountain 5x1 O'6
Church Sanctuary
5.8 CLOSING COMMENTS
The equation developed by Shultz and the equations developed in this 
study are regression equations. Thus, care should be taken not to use these 
equations beyond the bounds of the data used to develop them. Shultz's 
equation can be used for rooms in which the largest room dimension is less 
than 45 feet and for rooms which have acoustic characteristics that are medium 
dead. Schultz's equation should not be used for rooms where the largest room 
dimension is significantly greater than 45 feet and for rooms that have acoustic 
characteristics that are live to average or that are acoustically dead.
Equations 5.4 and 5.7 have a much broader range of application than 
Shultz's equation. They can be used with reasonable accuracy in rooms where 
the largest dimension is up to 120 feet. They can possibly be used in larger
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rooms. However, care should be exercised when the largest room dimension 
becomes significantly larger than 120 feet. Equations 5.4 and 5.7 can be used 
in rooms that have acoustic characteristics that range from live to dead. The 
equations developed both by Schultz and in this thesis apply to rooms that 
are properly proportioned. Care should be exercised in using these equations, 
for example, in long, narrow rooms.
Chapter 6
Conclusions
Several conclusions are given below:
Two regression equations have been developed: one is for small 
rooms, and another is for large rooms.
The statistically significant variables for small rooms are: distance 
r (ft) between the sound source and receiver, mean-free-path of the 
room M FP (ft), and reverberation time T (s).
The statistically significant variables for large rooms are: distance 
r (ft) between the sound source and receiver, mean-free-path of the 
room M FP (ft), room volume V (ft3), total room surface area S (ft2), 
and reverberation time T (s).
V2 24/S 3-97 values in large rooms can be simplified to the value of
5.6 x 10-6.
For small rooms, 99 percent value predicted by equation 5.4 are within 
a range of ± 2 -1 /2  dB of their corresponding measured values.
For large rooms, 97 percent value predicted by equation 5.7 are within 
a range of ± 2 -1 /2  dB of their corresponding measured values. 
Values predicted by Shultz's equation, or equation 5.3, agreed well 
with the measured data for rooms that were acoustically average to 
medium dead.
Predicted values by Shultz's equation, or equation 5.3, did not agree
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well with the measured data for rooms that were acoustically live to 
medium live. For this case, Schultz's equation predicted Lp values that 
were 10 dB lower than their corresponding measured values.
9. Schultz's equation should only be used for small rooms. It should not 
be used for large rooms.
Chapter 7
Further Study
7.1 Disproportion^ Rooms
Further study of acoustic room equations should focus on disproportional 
rooms. Disproportional rooms are not only rooms whose three ratios 
dimension fall outside of the ratios of 1: 1.5: 2, but also are rooms that have 
more than six surfaces. Proportional rooms which are occupied unevenly by 
some staff can be thought o f as disproportional rooms. If a disproportional 
coefficient can be defined as the ratio of the volume or surface area of the 
largest imaginary proportional room contained in the disproportional room 
divided by the corresponding volume or surface area of the disproportional 
room, a relationship between L p - Lw and the disproportional coefficient may 
be found.
7.2 Sound Source Size
The regression room equations in this thesis were developed by treating 
the sound source as point source. This is true when the sound source is very 
small in comparison to the room dimensions. If the sound source size can not 
be neglected relative to room volume, Lp - Lw can be a function of the size of
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the sound source. It may significantly affect sound level predictions. This is 
important for the prediction of noise levels from large industrial machines.
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Appendix A
Reverberation Times (s)
1/1 Octave Band Center Frequency - Hz
Rooms 63 125 250 500 IK 2K 4K 8K
College of Engi. Rm A 1 11 0.64 0.56 0.48 0.40 0.41 0.52 0.55 0.38
College o f Engi. Rm A308 0.77 0.81 0.98 0.68 0.61 0.72 0.64 0.41
College of Engi. Rm B 172 0.95 1.24 1.08 0.86 0.97 0.93 0.88 0.45
College of Engi. Rm B 176 2.04 1.43 1.52 0.88 0.63 0.62 0.58 0.45
College of Engi. Rm B 109 1.12 0.99 0.65 0.49 0.38 0.37 0.38 0.35
College of Engi. Rm B365 1.29 0.83 1.02 0.64 0.59 0.80 0.80 0.51
Humility Building H201 1.19 0.76 0.94 0.74 0.62 0.64 0.67 0.51
Humility Building H 2 11 1.23 0.88 1.08 0.79 0.61 0.64 0.61 0.46
Humility Building H235 1.21 0.98 1.18 0.92 0.72 0.84 0.78 0.56
Alumni Center, Lounge 0.63 0.53 0.63 0.76 0.80 0.84 0.73 0.45
Alumni Center, Great Hall 2.03 2.13 2.83 2.46 1.97 1.66 1.23 0.62
Sunrise Church Class Room 0.82 0.65 0.55 0.65 0.86 0.70 0.52 0.38
Sunrise Church Sanctuary 1.24 0.88 0.95 0.93 0.93 1.04 0.84 0.44
Senior Citizen Center, 
M ulti-Function Room 1.04 1.42 1.48 1.81 1.88 1.86 1.28 0.65
Christ the King Catholic 
Church, Social Hall 1.05 1.54 2.73 3.31 3.31 2.55 1.64 0.77
Community Lutheran 
Church, Sanctuary 1.37 1.17 1.20 1.15 1.17 1.08 0.98 0.67
Our Lady of Las Vegas 
Catholic Church, Sanctuary 1.79 1.51 1.29 1.34 1.25 1.29 1.14 0.80
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Appendix B
L - L Datap w
Room: H211
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -11.3 -5.9 -4.7 -4.2 -5.8 -7.0 -6.8 -9.9
4 -10.6 -6.9 -4.5 -5.0 -6.5 -7.5 -7.4 -10.4
6 -12.0 -6.4 -4.9 -5.5 -6.9 -8.6 -8.4 -12.3
8 -11.1 -8.1 -4.1 -5.8 -7.7 -8.9 -8.9 -11.7
10 -10.9 -8.8 -4.9 -7.0 -8.0 -9.7 -9.7 -12.7
12 -13.3 -10.3 -4.9 -6.7 -8.2 -10.4 -10.0 -13.4
14 -17.0 -10.3 -5.7 -6.7 -8.5 -10.2 -10.5 -14.1
16 -7.5 -10.4 -3.3 -6.8 -9.2 -11.1 -10.6 -14.3
18 -7.8 -7.7 -0.9 -4.3 -8.9 -11.7 -10.5 -13.9
Room:
Fre.
H201
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -7.1 -6.1 -3.9 -2.8 -4.8 -6.0 -6.2 -9.7
4 -6.7 -6.6 -2.9 -6.4 -6.0 -7.3 -7.4 -10.1
6 -7.4 -8.2 -3.9 -6.8 -7.8 -8.9 -9.2 -11.5
8 -9.2 -10.9 -4.3 -6.3 -8.7 -10 -11.1 -14.0
10 -9.6 -10.0 -5.2 -6.3 -8.7 -11.1 -11.4 -15.0
12 -12.3 -9.6 -6.0 -6.8 -9.4 -11.7 -12 -15.3
14 -12.4 -13.9 -6.3 -6.3 -9.5 -12.4 -12.5 -15.8
16 -8.2 -11.4 -9.0 -7.3 -9.4 -12.6 -12.3 -15.6
Room:
Fre.
B365
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -6.1 -4 -2.9 -3.8 -4.9 -6.3 -5.7 -9
4 -9.5 -5.9 -4.4 -5.8 -5.6 -8.5 -7.1 -10.5
6 -12.5 -7 -4.9 -5 -9 -11.8 -10.2 -12.9
8 -13.1 -6.7 -5.4 -6 -8.8 -11.6 -12.7 -15.7
10 -12 -9.5 -5.1 -6.3 -9.5 -12.8 -13.6 -16.6
12 -11.2 -8.5 -6.8 -7.2 -9.1 -13.1 -14 -17.4
14 -12.2 -8.4 -5.5 -7.5 -10.4 -14.2 -14.6 -18
16 -16.9 -11.1 -6.4 -6.7 -10.3 -13.7 -15.9 -19.3
18 -16.1 -14.3 -7.7 -8.6 -10.8 -14.9 -15.8 -19.8
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20 -10.2 -10.8 -6.3 -8.3 -10.6 -15.2 -16.3 -19.9
Room:
Fre.
H235
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -9.7 -7.3 -5.6 -5.7 -6.8 -7.8 -8 -11.3
4 -8.5 -8.2 -6.3 -7.4 -7.7 -8.8 -8.8 -11.7
6 -9.1 -8.5 -6.3 -8.2 -8 -10.1 -9.7 -13.1
8 -9.6 -8.9 -6.1 -7.6 -8.9 -11.2 -10.8 -14.1
10 -10.9 -10.2 -5.6 -8.5 -10.4 -11.6 -12 -15.3
12 -12.1 -11.1 -7.1 -7.7 -10.5 -12.1 -12.6 -16.2
14 -14.7 -12.4 -7.4 -8.4 -10.9 -13 -13.1 -16.8
16 -13.7 -13.3 -8.3 -9.5 -10.9 -13.6 -13.3 -16.9
18 -12.1 -12 -7.6 -9.2 -11.7 -14 -14.1 -17.8
20 -12.1 -10.9 -7.6 -9.3 -11.9 -14.1 -14.4 -18.3
22 -14 -12.5 -8.4 -9.3 -11.7 -14.6 -14.7 -19
24 -17.5 -12 -9 -11 -11.9 -14.8 -15.1 -19.1
26 -14.3 -14.1 -8.3 -9.5 -12.2 -14.7 -15.3 -18.9
28 -10.1 -11.7 -11.8 -9.3 -12.1 -15.1 -15.5 -18.8
Room:
Fre.
B 109 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -6.5 -3.9 -3.3 -5 -4.9 -5.3 -4.5 -8.4
4 -7.3 -5.5 -3.4 -6.5 -7.2 -8.8 -7.4 -10.9
6 -6.9 -6 -6.5 -7.2 -8.6 -9.7 -8.9 -11.3
8 -7.8 -7.4 -6.2 -8.3 -9.3 -10.7 -10.1 -13.2
10 -7 -7.8 -7.7 -6.6 -9.8 -12.7 -13.5 -16.2
12 -8.3 -8.6 -6.4 -7.9 -11.5 -14.5 -12.4 -17.3
14 -12.6 -8.2 -6.6 -8.5 -10.1 -13.8 -14.7 -17.5
16 -11.7 -11.7 -7.5 -9.1 -11.2 -14.7 -15 -18.1
18 -6.4 -8.6 -8.5 -9.3 -11 -15.3 -16 -19
Room:
Fre.
Sunrise M ountain Church Class Room 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -10 -11.5 -11 -8.8 -7.4 -8.7 -9.4 13.2
4 -11.8 -11.8 -11.1 -11 -8.8 -9.8 -10.5 -14.5
6 -13.3 -12.7 -11.6 -11.6 -9.1 -11.1 -11.5 -15.3
8 -14.5 -13.5 -12.5 -11.4 -10.3 -11.8 -11.9 -16.3
10 -15 -14.9 -13.1 -11.4 -10 -11.2 -12.2 -16.8
12 -15.5 -15.1 -13.2 -11.2 -10.3 -11.5 -12.9 -17
14 -15.6 -16.5 -13.4 -11.6 -10.7 -12.3 -13.5 -18.1
16 -14.4 -15.3 -14.5 -12.3 -11.2 -12.2 -13.4 -17.8
18 -15.8 -16.4 -14.7 -12.6 -11 -10.9 -14.1 -19
20 -18.6 -15 -15.1 -11.8 -11.2 -13.1 -14.2 -19.3
22 -20.9 -16.7 -15 -11.8 -11.3 -13.1 -14.3 -19.4
24 -15.8 -17 -15.3 -12.6 -11.1 -13.3 -14.5 -19.6
26 -11.8 -17.1 -14.5 -12.8 -11.5 -13.5 -14.7 -20
28 -10 -17.9 -18.2 -13.5 -11.7 -13.2 -14.9 -20.1
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Room:
Fre.
Sunrise M ountain Church Sanctuary 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -10 -10.6 -8.7 -8.7 -8.7 -9.7 -9.5 -12.3
4 -12.9 -11.3 -12 -12.4 -11.9 -13.6 -12.4 -15.1
6 -13.6 -13.2 -12.7 -14 -14.7 -16.5 -14.8 -17.4
8 -14.8 -16.1 -14.1 -16.9 -15.9 -17.4 -17.3 -19.9
10 -14.8 -15.3 -15.1 -17.3 -17.7 -19.7 -18.8 -21.5
12 -16.9 -16.5 -15.2 -18.2 -19 -20 -19.6 -22.7
14 -18.2 -16.4 -16.4 -19.4 -19.7 -20.3 -20.5 -23.8
16 -20 -16.5 -16.1 -19.7 -19.7 -21.8 -20.9 -24.1
18 -19.7 -17.9 -17 -19.8 -20.1 -22 -21.9 -25.4
20 -20 -19.6 -17.9 -19.8 -20.4 -22.2 -22.1 -26
22 -21.4 -20.6 -17.2 -20.6 -20.6 -22.7 -22.9 -26.9
24 -21.6 -18.5 -18.2 -20.1 -20.3 -22.8 -23.2 -27.2
26 -20.7 -18.5 -19.2 -20.2 -21.5 -23.2 -23.7 -27.7
28 -21 -19.1 -19.3 -21.2 -21.1 -23.3 -24.2 -28.8
30 -20.5 -21.3 -20.1 -20.5 -21.7 -23.5 -24.4 -29.3
32 -20.2 -20.6 -19.4 -21 -22.4 -23.6 -25 -29.5
34 -19.2 -20.1 -19.5 -21 -22.6 -23.9 -24.9 -29.1
36 -18.4 -21.4 -19.3 -2,2.1 -22.4 -23.7 -24.8 -29.7
38 -19.9 -21.7 -20.7 -22.2 -23.1 -24.2 -25.4 -29.9
40 -20.8 -21.5 -21.2 -22 -23.7 -23.8 -25.4 -30.1
42 -22.9 -21.1 -20.7 -22.6 -23.2 -24.2 -25.7 -30.3
44 -22.8 -21 -21.6 -22.3 -23.6 -24.7 -26.2 -30.4
46 -22.2 -21.4 -19.9 -22.2 -23.4 -24.9 -26.6 -31.5
48 -21.6 -21.8 -20.2 -22.5 -23.5 -25 -26.4 -31.5
50 -23 -20.7 -20.4 -22.7 -23.7 -24.9 -26 -31.5
52 -23.6 -21.1 -21 -22.6 -23.9 -24.5 -26.4 -30.9
54 -21.2 -20.9 -19 -22.4 -23.8 -24.9 -26.1 -31
56 -18.9 -17.6 -22.9 -22.4 -23.6 -24.6 -26.3 -31.6
Room:
Fre.
Our Lady 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -4.5 -6.9 -7.9 -6.6 -7.1 -8.5 -7.5 -11.5
4 -11.6 -10.7 -11.9 -11 -11.4 -13.2 -12.5 -16.2
6 -13.8 -12.8 -13.1 -15 -14.8 -15.8 -15.3 -19
8 -15.6 -14.2 -16.9 -15.8 -16.1 -18.2 -17.2 -21
10 -16.9 -15.1 -18.1 -16.4 -18.1 -19 -18.8 -23
12 -17.6 -15.8 -18 -17.9 -18.6 -20.3 -20 -24.2
14 -18.4 -16.8 -17.8 -18.9 -19.4 -20.7 -20.4 -24.7
16 -19.6 -17.3 -18.2 -20.1 -19.8 -21.3 -21.5 -25.6
18 -20.1 -18.1 -18 -20.2 -19.9 -22.1 -22 -26.8
20 -20.8 -18.4 -18.7 -20.2 -20.2 -22.6 -22.3 -27.3
22 -21.8 -19.4 -20.2 -21.2 -20.4 -23.3 -22.9 -27.3
24 -22.2 -20 -20 -21.2 -20.7 -23.6 -23.5 -27.8
26 -21.3 -20 -20.2 -21.3 -21.1 -23.6 -23.7 -28.7
28 -22.8 -20.7 -20.5 -21.7 -21.2 -23.8 -24.1 -28.9
30 -23.2 -21.2 -21.2 -21 -21.7 -23.7 -24.5 -29.3
32 -24 -21.8 -20.1 -22.1 -21.7 -23.8 -24.6 -29.5
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34 -24.5 -23.3 -20.3 -22.1 -21.6 -23.5 -24.9 -30.1
36 -23.6 -23.6 -19.9 -22 -22.1 -23.8 -25 -30.1
38 -23.4 -23.8 -19.9 -22.5 -22.2 -23.9 -24.9 -30.5
40 -23.7 -23.9 -20.6 -22.2 -22.5 -23.9 -25.2 -30.8
42 -23.7 -23.9 -21.5 -21.6 -23 -23.9 -25.2 -30.7
44 -22.9 -23.3 -21.6 -21.6 -23.3 -24.1 -25.7 -30.7
46 -23.7 -23.1 -22.2 -22.1 -22.9 -24.3 -26.1 -30.8
48 -22.9 -25.5 -21.9 -21.7 -22.9 -24.3 -26 -30.8
50 -22.6 -24.7 -21.4 -21.9 -23.3 -24.4 -26.2 -31.1
52 -21.2 -23.3 -22.4 -21.3 -23.2 -24.4 -26.3 -31.2
54 -21.1 -23.3 -22.2 -22.2 -23.3 -24.5 -26.3 -31.6
56 -23.1 -24.5 -22.2 -21.6 -23.2 -24.5 -26.3 -31.4
58 -21.8 -24.7 -22 -20.8 -23.6 -24.4 -26.3 -31.3
60 -22.2 -23.6 -22.4 -21.2 -24 -24.5 -26.6 -31.7
62 -21.5 -22.7 -23.1 -22.1 -23.5 -24.8 -26.6 -31.8
64 -21.5 -22.8 -22.5 -21.4 -24 -24.9 -26.8 -32.1
66 -21.1 -23.3 -22.3 -21.8 -23.8 -25.3 -27.1 -32.6
68 -21.7 -23.5 -22.7 -22 -23.7 -25.2 -27.2 -32.7
Room: Alumi Center Great Hall
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -12.4 -12.9 -10.2 -9.5 -8.7 -10.9 -12.4 -20.1
4 -11.5 -12 -10 -10.9 -10.7 -11.9 -13.5 -19.5
6 -12.8 -12.5 -10.2 -12.9 -11.6 -14.3 -15.1 -20.8
8 -14.7 -13.4 -10.8 -13.8 -13.3 -15.9 -17.4 -22.3
10 -15.7 -14.3 -11.2 -14.2 -14.9 -16.7 -17.7 -23.5
12 -16.3 -15.5 -11.5 -14 -15.9 -17.7 -18.9 -25
14 -16.3 -15.1 -12.3 -14.4 -16.6 -18.2 -19.7 -25.6
16 -16.3 -15.1 -12.6 -14.4 -17.4 -18.5 -20.2 -26.5
18 -15.9 -15.3 -13.1 -15 -17.8 -18.9 -20.7 -27.5
20 -14.3 -15.7 -12.7 -15.2 -17.8 -19.1 -21.2 -27.9
22 -14.4 -16.3 -12.8 -15.3 -17.8 -19.1 -21.6 -28.2
24 -15.9 -16.2 -13 -15.3 -18.2 -20.3 -22 -28.4
26 -16.4 -16.6 -13.5 -15.6 -18.9 -20.9 -22.3 -28.8
28 -16.4 -16.3 -13.2 -16.2 -18.9 -21.1 -22.8 -30
30 -15.6 -16 -13.4 -16.1 -18.7 -21.3 -22.9 -30.1
32 -14.8 -16 -14.2 -16.3 -18.7 -21 -22.7 -30.1
34 -15 -15.3 -13.5 -15.8 -18.5 -21.2 -22.6 -30.8
36 -16.1 -14.9 -13.8 -16 -18.6 -21.1 -22.9 -30.5
38 -16.5 -16.9 -13.7 -16.4 -18.7 -21.4 -22.8 -30.8
40 -17.6 -17 -13.2 -17 -19 -21.9 -23.3 -31.1
42 -18.5 -17.2 -13.9 -16.9 -18.8 -21.7 -23.3 -30.8
44 -19.4 -17 -12.6 -16.3 -18.4 -21.6 -23.1 -31
46 -18.9 -16.3 -14 -16.3 -18.4 -21.3 -23.2 -31.2
48 -19.5 -18 -13.7 -16.5 -18.8 -21 -22.7 -30.1
50 -19.1 -16.1 -13.6 -16.2 -18.3 -21.1 -22.7 -30.4
52 -17.6 -15.7 -13.6 -16.5 -18.6 -20.9 -22.4 -30
54 -15.6 -17 -14.8 -16.5 -18.4 -21.1 -22.4 -31.3
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Room: Community Luthern Church
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
n -2.4 -1.7 -0.1 -2.8 -1.1 -2.9 -2 -3.7
4 -9.6 -11.7 -10 -10.9 -11.5 -11.5 -11.6 -15.1
6 -12.3 -13.5 -13 -13.7 -11.8 -15.3 -14.5 -18.2
8 -13.9 -14 -14.7 -15.6 -15.9 -16.5 -16.6 -20.8
10 -14.5 -15.1 -14.7 -17.2 -17.7 -17.9 -18.5 -22.9
12 -16.6 -15.8 -15.2 -17.8 -18.2 -19.5 -19.9 -23.8
14 -16.5 -16.3 -10.3 -18.3 -18.9 -20.1 -20.6 -25.2
16 -17.7 -17.5 -17 -18.5 -19.4 -19.9 -21.3 -26.1
18 -20.1 -17.7 -17.3 -19.6 -19.3 -20.6 -21.5 -26.7
20 -18.2 -18.5 -18.3 -19.9 -19.2 -20.1 -21.4 -27.5
22 -20.5 -19.8 -19.3 -19.5 -20.4 -20.8 -21.8 -28
24 -21.7 -20.2 -18.6 -19 -20.5 -21.3 -22.6 -28.8
26 -21 -18.4 -19.3 -20.1 -21.1 -21.6 -22.9 -29
28 -21.3 -21.2 -20.2 -19.8 -20.8 -21.9 -23.4 -29.3
30 -20 -20.7 -19.9 -18.6 -21.2 -21.5 -23.2 -29.4
32 -20.4 -20.7 -20.9 -20.2 -21.4 -21.7 -23.3 -28.7
34 -20.4 -21.8 -21.4 -20.3 -21.8 -22.2 -23.5 -28.4
36 -21.3 -21.7 -22.5 -20.5 -21.9 -22.6 -24 -28.9
38 -19.9 -22 -23.1 -21 -22 -23.5 -24.4 -29.8
40 -18.7 -23.8 -23.5 -20.9 -22.7 -23.1 -24.5 -30.9
42 -19.2 -23.9 -23 -22 -23.3 -24.5 -24.7 -31.3
44 -20.1 -22.6 -23.6 -21.9 -23.4 -24.2 -25 -31.8
46 -22 -23.4 -23 -21.7 -23.3 -24.3 -25.1 -31.9
48 -20.6 -23.1 -23.7 -21.7 -22.6 -24.2 -25.1 -31.6
50 -21.7 -24.2 -24.4 -21.6 -22.7 -24.2 -25.1 -30.8
52 -21.8 -24 -23.7 -22.1 -23 -24.7 -25.4 -30.8
54 -23.4 -23.4 -25.2 -22.5 -23.6 -25.2 -25.9 -31.5
56 -21.4 -22.7 -24 -22.3 -23 -24.9 -25.8 -30.7
58 -19.4 -24.9 -24.6 -21.4 -23.2 -25.1 -25.5 -31.4
60 -17.4 -24.6 -25.4 -22.7 -24.2 -25.7 -25.8 -31.8
Room:
Fre.
Christ the King Church 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -11.3 -10.7 -8.3 -6.7 -7.3 -8.4 -9.5 -14.6
4 -13.4 -11.4 -8.9 -9.2 -8.9 -9.7 -10.7 -14.6
6 -14.3 -11.9 -8.9 -9.8 -9.7 -11.5 -11.6 -15.7
8 -16.1 -13.6 -9.5 -10 -11.2 -12.1 -12.7 -17.1
10 -17.1 -14.7 -10.7 -10 -11.9 -12.7 -14 -18.1
12 -18.5 -15.4 -10.8 -10.7 -12 -13.6 -14.7 -19.6
14 -19.1 -15.4 -10.4 -10.6 -12.5 -13.8 -15 -20.4
16 -19.9 -15.8 -10.7 -11 -12.5 -14.5 -15.5 -20.9
18 -20.2 -15.8 -11.6 -10.6 -12.4 -14.7 -15.8 -21.8
20 -20.9 -16.4 -12 -10.5 -12.6 -14.8 -16 -22.9
22 -21.2 -16.6 -12.9 -11.2 -12.9 -15 -16.5 -23.1
24 -21.4 -16.9 -12.4 -11.7 -13.2 -15.1 -16.9 -23.4
26 -21.1 -17.4 -12.5 -12 -13.5 -15.7 -17.8 -23.9
28 -21.9 -18.7 -12.4 -11.8 -13.3 -15.8 -18 -24.2
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30 -22.1 -18.6 -12 -12.3 -13.5 -15.6 -18.4 -24.7
32 -21.6 -18.6 -13 -12.2 -13.5 -15.9 -19.8 -25.1
34 -21.4 -18.7 -13.5 -12.6 -13.8 -16.2 -19 -26
36 -21.3 -18.5 -13 -12.2 -13.5 -16.2 -19.1 -26.8
38 -21.5 -18.8 -13.5 -12.2 -14 -16.4 -19.2 -26.9
40 -21 -19.6 -13.5 -12.7 -14.3 -16.7 -19.4 -27.2
42 -21.1 -19.1 -13.8 -12.7 -14.3 -16.7 -19.4 -27.3
44 -21.2 -18.9 -13.7 -12.9 -14.2 -16.8 -19.8 -27.6
46 -21.8 -17.9 -13.3 -13 -14.3 -16.8 -20 -28.2
48 -22 -18.7 -13.8 -13 -14.3 -16.7 -20.1 -28.5
50 -20.9 -19.2 -13.9 -12 -14.5 -17.1 -20.3 -28.8
52 -22.4 -18.5 -13.5 -13.3 -14.4 -17.2 -20.2 -28.7
54 -22.4 -18.7 -14.1 -12.5 -14.5 -17.1 -20.3 -29.1
56 -21.7 -18.4 -14.2 -12.7 -14.6 -17.2 -20.4 -29.6
58 -20.9 -19.7 -14.4 -12.8 -14.7 -17.2 -20.5 -29.8
60 -21.5 -19 -13.7 -13 -14.6 -17.2 -20.5 -29.8
62 -22.9 -19.3 -13.3 -12.5 -15 -17.5 -20.5 -30
64 -22.6 -20 -13.8 -13.1 -14.8 -17.5 -20.8 -30.2
66 -22.7 -17.7 -13.7 -13.3 -14.6 -17.5 -20.8 -30.2
Room: Senior Citizen Center
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -13.8 -10 -7.5 -7.3 -7 -7.6 -8.7 -13.3
4 -12 -11 -7.9 -9.6 -8.1 -9.5 -9.6 -14.2
6 -13.7 -13 -8.7 -9.8 -10.1 -10.7 -11.6 -16
8 -15 -14.1 -9.8 -10 -11.5 -11.5 -12.4 -17.1
10 -15.6 -14.9 -10.1 -10.8 -12 -12.1 -13.4 -18.8
12 -15.7 -15.1 -11.1 -10.9 -12 -12.6 -13.8 -19.5
14 -15.9 -15.6 -10.8 -11.3 -12.3 -13 -14.1 -20
16 -16.4 -14.9 -11.1 -11.6 -12.5 -13.3 -14.5 -21
18 -15.9 -15.4 -11.5 -12 -12.5 -13.3 -14.8 -22.1
20 -17 -15.6 -13.1 -12 -12.7 -13.4 -15.1 -22.2
22 -17.4 -15.8 -12.9 -11.9 -12.5 -12.9 -15.1 -22.1
24 -18 -15.7 -12.9 -12.5 -12.5 -13 -15.4 -22.2
26 -17.8 -16.6 -12.6 -11.9 -12.5 -13.5 -15.7 -22.6
28 -17.2 -17 -12.8 -12.5 -12.6 -13.3 -16 -22.8
30 -17.7 -16.8 -12.2 -13.2 -13 -13.8 -16.3 -23.2
32 -18.1 -15.3 -13.6 -13.1 -12.6 -13.7 -16.3 -23.2
34 -18.5 -16.6 -13.3 -12.6 -13 -13.7 -16.3 -23.2
36 -19.1 -16 -13.4 -13.1 -12.9 -13.8 -16.2 -23.3
38 -19.9 -15.8 -13.5 -13.1 -13.1 -13.8 -16.5 -23.5
40 -20.3 -17.1 -12.8 -13.5 -13.3 -14.2 -16.8 -24.6
42 -16.1 -18 -12.5 -13 -13.2 -14.4 -16.8 -25
44 -17.2 -15.8 -14.3 -13.3 -13.4 -14.4 -16.9 -25
Room:
Fre.
Alumi Building Lounge 
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -8.5 -9.8 -7.1 -7 -7.2 -8 -8.7 -13.4
4 -10.2 -9.9 -8.3 -9.6 -8.9 -9.9 -10.2 -14.1
6 -12.5 -11.4 -8.2 -10.9 -10.6 -12.3 -12.7 -16.7
8 -14.9 -12.4 -10.3 -11.7 -12.7 -13.4 -13.9 -18.4
10 -16.7 -14.9 -10.2 - 1 1.5 -14 -14.3 -15.3 -19.9
12 -17 -16.1 -10.7 -12.5 -14.3 -14.5 -15.8 -20.8
14 -17 -17.8 -12.7 -13.4 -14.6 -15.6 -16.7 -21.9
16 -17.7 -17.7 -12.9 -13.5 -15.2 -15.9 -17.4 -22.4
18 -15.7 -17.6 -13.1 -14.2 -15.8 -16.3 -17.8 -22.6
20 -13.4 -17.8 -13.2 -14.4 -15.9 -16.9 -18.2 -23.2
22 -11.8 -17.2 -14.4 -13.9 -16.5 -17.5 -18.5 -24.6
24 -12.8 -19.8 -15.1 -14.7 -16.1 -17.6 -19 -25.2
26 -17.3 -21.4 -15.3 -15.3 -17.1 -19 -20.4 -26.8
Room: B176
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -0.2 -4.1 -4 -5.3 -4.8 -5.1 -4.7 -8.5
4 -5.7 -7.2 -7.2 -9.5 -8.2 -10 -8.9 -12.6
6 -9.8 -9.5 -8.9 -11.1 -11.7 -12.8 -11.9 -15.8
8 -10.5 -10.1 -9.7 -11.9 -14.1 -14.2 -13.3 -17.7
10 -10.7 -10.9 -10.1 -12 -15.3 -15.3 -15.1 -20.2
12 -10.6 -12.3 -10 -12.5 -16.8 -16.1 -16.4 -21
14 -11.8 -12.6 -11.6 -13 -17.5 -16.9 -17 -20.9
16 -12.9 -12.1 -11.9 -13.7 -18.7 -17.3 -17.6 -21.4
18 -14.3 -13.9 -12 -14.2 -18.3 -18 -18 -22.1
20 -15.7 -12.6 -11.3 -14.9 -19.2 -18.2 -18.4 -22.9
22 -16.7 -12.7 -12.3 -15.5 -19.9 -18.6 -18.9 -23
24 -14.3 -16.1 -12.9 -15.9 -19.8 -19 -19.3 -23.9
26 -12.5 -9.5 -11.2 -17.5 -19.5 -18.4 -18.9 -24.4
Room: B172
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -1.5 -6.5 -5.7 -7.2 -6.9 -7.5 -5.9 -9.1
4 -7.1 -8.7 -6.2 -8.9 -8.9 -10.2 -9.1 -12.9
6 -10.7 -10.3 -7.9 -8.8 -11.9 -12.1 -11.9 -15.9
8 -13.1 -11.1 -9.1 -8.9 -14.1 -13.6 -14 -18.6
10 -15.2 -12 -9.7 -9.7 -14.8 -15.2 -15.2 -19.8
12 -16.7 -12.4 -10 -10 -15 -16.3 -16.3 -21.1
14 -16.7 -12.5 -11.3 -11 -15.8 -17.4 -17.1 -22.4
16 -18.3 -12.9 -11.1 -11.8 -16.2 -18 -17.9 -23.2
18 -17.9 -13.2 -11.4 -12.4 -16.5 -18.7 -18 -23.2
20 -16.3 -14.4 -10.9 -13.7 -16.6 -19.2 -18.6 -24.1
22 -15.8 -14.2 -10.9 -13.3 -16.8 -19.1 -18.7 -23.9
24 -16.3 -14.4 -11 -13.8 -17.2 -19.8 -18.8 -24.1
26 -16.4 -14.8 -11.3 -14.1 -16.5 -20.1 -19.3 -24.7
28 -16.9 -14.7 -11.8 -13.5 -16.7 -20.3 -19.4 -25.5
30 -16 -14.1 -13.1 -14.4 -17.6 -20 -19.3 -25.2
32 -14.7 -18.7 -11.8 -14.2 -17.5 -20 -20.1 -26.7
34 -13.9 -13.7 -11.3 -16 -18.7 -20.6 -19.9 -26.3
Room: A308
Fre. 63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -2 -5.2 -4.2 -6.1 -4.8 -6 -5 -8.3
4 -10.1 -7.9 -5.8 -6.9 -7.5 -9.1 -8.5 -11.8
6 -13.7 -10.1 -6.9 -6.9 -9.7 -10.2 -10.7 -14.5
8 -16.5 -10.7 -7.6 -7.2 -10.4 -11.7 -12.6 -15.9
10 -16.5 -11.1 -8.4 -7.9 -10.7 -12.9 -8.8 -17.5
12 -16 -12.5 -8.2 -8.4 -11.4 -14.2 -14.3 -18.8
14 -16.2 -13 -8.9 -9.2 -11.1 -14.6 -14.9 -19.5
16 -19.2 -14.3 -7.4 -9.1 -11.2 -14.8 -15.5 -20
18 -17.9 -14.3 -9.9 -9.8 -11.9 -16 -15.6 -20.6
20 -15.1 -15.5 -9.8 -9.4 -12.3 -16.2 -16 -20.8
22 -14 -11.3 -7.3 -7.4 -9.7 -15.1 -18.1 -21.5
Room:
Fre.
A 111
63 125 250 500 1000 2000 4000 8000
Dist.(ft)
2 -0.1 -5.2 -3.2 -5.2 -4.8 -5.7 -4 -8
4 -6.9 -7.5 -6.7 -6.7 -8.3 -8.5 -7.6 -12
6 -10.2 -9.9 -7.1 -7.5 -11.9 -10.4 -10 -14.6
8 -13.3 -11.3 -7.4 -8.7 -12.7 -13.4 -12.2 -16.8
10 -14.9 -13.3 -8.7 -9.6 -15.6 -15.6 -13.6 -18.5
12 -16.3 -14.7 -10 -11.7 -17.1 -17.1 -15.2 -19.5
14 -15.9 -15.5 -11.3 -11.8 -17.5 -18.8 -16.1 -20.7
16 -16.2 -15.1 -12.1 -12.4 -19.2 -20 -17.2 -22
18 -16.6 -15.5 -12.8 -13.1 -19.7 -21 -17.5 -23.1
20 -17.7 -16.1 -13.8 -15.1 -19.1 -21.6 -18.6 -24
22 -18.8 -15.5 -14.4 -15.1 -20.2 -21.9 -19.1 -25.2
24 -18.8 -17.5 -15.8 -15 -20.2 -22.6 -19.6 -25.8
26 -19 -18 -15.1 -16 -20.7 -23.1 -20.3 -26.6
28 -19.7 -15.9 -14.4 -16 -20.6 -23.5 -20.7 -27.1
30 -22.1 -16.9 -16.4 -16.3 -21.8 -23.6 -20.9 -27.4
32 -24.3 -18.9 -16.8 -17.1 -22.8 -24.3 -21.2 -27.5
34 -29.7 -18.2 -17.2 -16.2 -22.7 -24.9 -21.6 -27.5
36 -27.3 -18.5 -16.4 -16.8 -23.2 -24.6 -21.6 -28.4
38 -21.5 -23.1 -16.6 -17.6 -23 -24.4 -21.8 -28.6
40 -17.9 -17.8 -15.1 -16.4 -25 -24.6 -22 -28.4
Appendix C 
Regression Data Base
Room: Our Lady
Fre R.T. S. V. M FP ocxS C o fl Cof2 Cof3
63, 1.79, 17600, 149000, 33.86, 3696.0, -4.42, -9.61, -25.3
125, 1.51, 17600, 149000, 33.86, 4224.0, -2.43, -12.92, -27.5
250, 1.29, 17600, 149000, 33.86, 4822.4, -5.72, -10.52, -25.5
500, 1.34, 17600, 149000, 33.86, 4681.6, -3.03, -13.74, -23.3
1000, 1.25, 17600, 149000, 33.86, 4963.2, -2.97, -14.47, -27.6
2000, 1.29, 17600, 149000, 33.86, 4840.0, -4.77, -14.00, -27.2
4000, 1.14, 17600, 149000, 33.86, 5368.0, -3.24, -15.24, -30.3
8000, 0.80, 17600, 149000, 33.86, 7110.4, -7.18, -15.27, -39.9
Room: A3 08
Fre R.T. S. V. M FP OCXS C o fl Cof2 Cof3
63, 0.77, 2216, 5760, 10.40, 332.4, 3.40, -12.09, -17.7
125, 0.81, 2216, 5760, 10.40, 323.5, -2.02, -9.9, -17.1
250, 0.98, 2216, 5760, 10.40, 270.4, -2.74, -5.2, -12
500, 0.68, 2216, 5760, 10.40, 381.2, -4.5, -3.8, -12.8
1000, 0.61, 2216, 5760 , 10.40, 416.6, -2.43, -8.6, -15.1
2000, 0.72, 2216, 5760, 10.40, 359.0, -2.70, -10.34, -19.2
4000, 0.64, 2216, 5760, 10.40, 396.7, -1.62, -11.6, -20.8
8000, 0.41, 2216, 5760, 10.40, 596.1, -4.06, -13.37, -28.4
Room: Community Luthern Church
Fre R.T. S. V. M FP ocxS C o fl Cof2 Cof3
63, 1.37, 13940, 90860, 26.07, 2927.4, -1.86, -10.29, -25.8
125, 1.17, 13940, 90860, 26.07, 3317.7, -4.86, -10.53, -28.0
250, 1.20, 13940, 90860, 26.07, 3262.0, -2.65, -12.24, -27.5
500, 1.15, 13940, 90860, 26.07, 3387.4, -3.93, -12.53, -23.3
1000, 1.17, 13940, 90860, 26.07, 3345.6, -4.32, -12.09, -27.1
2000, 1.08, 13940, 90860, 26.07, 3582.6, -4.06, -28.35, -28.2
4000, 0.98, 13940, 90860, 26.07, 3875.3, -6.69, -31.12, -29.3
8000, 0.67, 13940, 90860, 26.07, 5297.2, -4.85, -17.49, -38.9
Room: B 172
Fre R.T. S. V. M FP axS C o fl Cof2 Cof3
63, 0.95, 4223, 16417, 15.55, 760.1, -1.08, -10.26, -20.9
125, 1.24, 4223, 16417, 15.55, 599.7, -4.40, -7.31, -18.0
250, 1.08, 4223, 16417, 15.55, 664.1, -1.58, -8.04, -16.0
500, 0.86, 4223, 16417, 15.55, 844.6, -2.37, -8.11, -19.3
75
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1000, 0.97, 4223, 16417, 15.55, 755.9, -3.12, -1 1.28, -21.6
2000, 0.93, 4223, 16417, 15.55, 781.2, -1.88, -13.35, -23.7
4000, 0.88, 4223, 16417, 15.55, 823.5, -1.32, -13.75, -22.3
8000, 0.45, 4223, 16417, 15.55, 1448.5, -3.80, -16.05, -30.9
Room: Senior Citizen Center
Fre R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 1.04, 6687, 27593, 16.39, 1203.7, -4.41, -8.52, -22.6
125, 1.42, 6687, 27593, 16.39, 883.0, -7.46, -7 .1 4 , -20.0
250, 1.48, 6687, 27593, 16.39, 849.0, -3.64, -6 .6 6 , -16.5
500, 1.81, 6687, 27593, 16.39, 702.0, -6.31, -4 .4 1 , -16.3
1000, 1.88, 6687, 27593, 16.39, 675.0, -4.49, -7 .2 4 , -16.3
2000, 1.86, 6687, 27593, 16.39, 689.0, -5.81, -6.2 , -17.1
4000, 1.28, 6687, 27593, 16.39, 976.0, -6.23, -6.87 , -20.3
8000, 0.65, 6687, 27593, 16.39, 1785.0, -6.86, -11.78, -28.9
Room: Christ the King Church
Fre R.T. S. V. MFP OCXS C ofl Cof2 Cof3
63, 1.05, 10853, 63790, 23.51, 2604.7, -6.05, -11.33, -27.1
125, 1.54, 10853, 63790, 23.51, 1855.9, -6.46, -7.81, -21.0
250, 2.73, 10853, 63790, 23.51, 1085.3, -5.34, -5.0, -15.0
500, 3.31, 10853, 63790, 23.51, 900.8, -6.10, -4.03, -14.8
1000, 3.31, 10853, 63790, 23.51, 900.8, -5.31, -6.2, -16.1
2000, 2.55, 10853, 63790, 23.51, 1161.3, -6.11, -6.74, -18.7
4000, 1.64, 10853, 63790, 23.51, 1747.3, -4.47, -9.34, -23.3
8000, 0.77, 10853, 63790, 23.51, 3375.3, -4.5, -14.09, -33.9
Room: Alumi Center Great Hall
Fre R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 2.03, 11027, 72435, 26.28, 1654.1, -6.38, -8.78, -19.9
125, 2.13, 11027, 72435, 26.28, 1400.4, -8.45, -5.72, -18.0
250, 2.83, 11027, 72435, 26.28, 1014.5, -6.64, -4.84, -15.0
500, 2.46, 11027, 72435, 26.28, 1224.0, -7.67, -6.2, -17.8
1000, 1.97, 11027, 72435, 26.28, 1455.6, -3.06, -11.76, -20.1
2000, 1.66, 11027, 72435, 26.28, 1753.3, -5.14, -11.59, -23.7
4000, 1.23, 11027, 72435, 26.28, 2304.6, -6.98, -10.93, -26.3
8000, 0.62, 11027, 72435, 26.28, 4124.1, -11.53,-12.35, -32.9
Room: Alumni Building Lounge
Fre R.T. S. V. MFP oxS C ofl Cof2 Cof3
63, 0.63, 3316, 9396, 11.34, 663, -4.10, -11.84, -22.8
125, 0.53, 3316, 9396, 11.34, 766, -0.58, -14.32, -26.5
250, 0.63, 3316, 9396, 11.34, 653, -1.62, -9.32, -19.5
500, 0.76, 3316, 9396, 11.34, 550, -5.16, -6.97, -20.8
1000, 0.80, 3316, 9396, 11.34, 527, -4.09, -9.17, -23.6
2000, 0.84, 3316, 9396, 11.34, 507, -4.73, -9.44, -23.7
4000, 0.73, 3316, 9396, 11.34, 574, -4.73, -10.44, -26.8
8000, 0.45, 3316, 9396, 11.34, 882, -5.48, -14.23, -32.9
77
Room:
Fre
B 176 
R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 2.04, 5203, 16931, 13.02, 520.3, 4.47, -14.19, -11.9
125, 1.43, 5203, 16931, 13.02, 940.8, -1.18, -10.06, -16.5
250, 1.52, 5203, 16931, 13.02, 1013.2, -2.82, -7.03, -13.0
500, 0.88, 5203, 16931, 13.02, 1633.4, -3.13, -9.21, -15.8
1000, 0.63, 5203, 16931, 13.02, 1912.6, 1.70, -17.00, -21.6
2000, 0.62, 5203, 16931, 13.02, 1912.6, -1.82, -13.22, -22.2
4000, 0.58, 5203, 16931, 13.02, 2005.7, -0.29, -14.62, -22.8
8000, 0.45, 5203, 16931, 13.02, 2520.3, -4.19, -14.81, -29.9
Room:
Fre
B 109 
R.T. S. V. M FP axS C ofl Cof2 Cof3
63, 1.12, 1246, 2672, 8.57, 112.1, -4.94, -3.63, -9.1
125, 0.99, 1246, 2672, 8.57, 124.5, -1.64, -6.40, -10.6
250, 0.65, 1246, 2672, 8.57, 184.4, -1.49, -5.16, -15.6
500, 0.49, 1246, 2672, 8.57, 241.8, -3.87, -4.06, -19.0
1000, 0.38, 1246, 2672, 8.57, 301.6, -3.20, -6.62, -22.0
2000, 0.37, 1246, 2672, 8.57, 311.6, -2.02, -10.56, -22.4
4000, 0.38, 1246, 2672, 8.57, 299.1, -0.14, -12.24, -22.0
8000, 0.35, 1246, 2672, 8.57, 325.3, -3.84, -11.77, -23.0
Room:
Fre
B365
R.T. S. V. M FP otxS C ofl Cof2 Cof3
63, 1.29, 1580, 3720, 9.42, 142.2, -5.30, -6.98, -9.2
125, 0.83, 1580, 3720, 9.42, 205.3, -0.83, -8.14, -14.5
250, 1.02, 1580, 3720, 9.42, 169.0, -1.86, -3.84, -12.0
500, 0.64, 1580, 3720, 9.42, 259.0, -2.45, -4.25, -17.6
1000, 0.59, 1580, 3720, 9.42, 281.1, -3.01, -6.16, -18.6
2000, 0.80, 1580, 3720, 9.42, 213.2, -3.81, -8.78, -14.9
4000, 0.80, 1580, 3720, 9.42, 211.7, -1.53, -11.55, -14.9
8000, 0.51, 1580, 3720, 9.42, 319.1, -4.39, -12.04, -20.3
Room:
Fre
H201
R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 1.19, 1656, 4032, 9.74, 165.6, -4.70, -5.03, -10.6
125, 0.76, 1656, 4032, 9.74, 240.4, -3.13, -7.36, -16.0
250, 0.94, 1656, 4032, 9.74, 197.3, -0.91, -4.88, -13.4
500, 0.74, 1656, 4032, 9.74, 245.4, -2.95, -3.62, -16.3
1000, 0.62, 1656, 4032, 9.74, 290.1, -3.12, -5.61, -18.4
2000, 0.64, 1656, 4032, 9.74, 283.5, -3.11, -7.85, -18.0
4000, 0.67, 1656, 4032, 9.74, 270.2, -3.53, -7.68, -17.5
8000, 0.51, 1656, 4032, 9.74, 344.8, -6.41, -7.94, -20.7
Room:
Fre
H211
R.T. S. V. M FP axS C ofl Cof2 Cof3
63, 1.23, 1342, 3015, 8.99, 120.8, -11.93,-7.06, -8.6
125, 0.88, 1342, 3015, 8.99, 157.0, -4.30, -4.37, -12.6
250, 1.08, 1342, 3015, 8.99, 130.2, -4.20, -0.74, -10.2
500, 0.79, 1342, 3015, 8.99, 174.4, -4.00, -1.94, -13.9
1000, 0.61, 1342, 3015, 8.99, 220.1, -4.47, -3.57, -17.0
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2000, 0.64, 1342, 3015, 8.99, 212.0, -4.95, -4.91, -16.4
4000, 0.61, 1342, 3015, 8.99, 220.1, -5.11, -4.45, -17.0
8000, 0.46, 1342, 3015, 8.99, 284.5, -8.02, -4.89, -20.4
Room: H235
Fre R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 1.21, 2406, 6400, 10.64, 240.6 -6.48, -5.12, -12.9
125, 0.98, 2406, 6400, 10.64, 300.7, -5.09, -5.40, -15.4
250, 1.18, 2406, 6400, 10.64, 252.6, -3.49, -3.73, -13.2
500, 0.92, 2406, 6400, 10.64, 317.6, -4.96, -3.38, -16.2
1000, 0.72, 2406, 6400, 10.64, 396.9, -4.68, -5.28, -19.1
2000, 0.84, 2406, 6400, 10.64, 344.0, -5.04, -6.92, -17.3
4000, 0.78, 2406, 6400, 10.64, 370.5, -4.80, -7.28, -18.2
8000, 0.56, 2406, 6400, 10.64, 498.0, -7.63, -7.95, -22.1
Room: Sunrise Mountain Church Classroom
Fre R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 0.82, 2654, 6769, 10.20, 371.6, -10.12,-4.03, -17.9
125, 0.65, 2654, 6769, 10.20, 461.8, -8.90, -5.73, -20.6
250, 0.55, 2654, 6769, 10.20, 538.8, -8.24, -5.13, -22.7
500, 0.65, 2654, 6769, 10.20, 464.5, -8.59, -2.91, -20.6
1000, 0.86, 2654, 6769, 10.20, 360.9, -6.54, -3.56, -17.3
2000, 0.70, 2654, 6769, 10.20, 432.6, -7.62, -3.89, -19.8
4000, 0.52, 2654, 6769, 10.20, 565.3, -7.61, -4.98, -23.3
8000, 0.38, 2654, 6769, 10.20, 737.8, -10.7, -6.38, -27.1
Room: Sunrise M ountain Church Sancturary
Fre R.T. S. V. MFP ocxS C ofl Cof2 Cof3
63, 1.24, 10828, 55125, 20.36, 2057.3, -10.1, -4.03, -24.3
125, 0.88, 10828, 55125, 20.36, 1884.1, -7.85, -7.98, -20.6
250, 0.95, 10828, 55125, 20.36, 2198.1, -6.27, -8.69, -22.7
500, 0.93, 10828, 55125, 20.36, 1894.9, -7.76, -8.93, -20.6
1000, 0.93, 10828, 55125, 20.36, 1472.6, -6.76, -10.20, -17.3
2000, 1.04, 10828, 55125, 20.36, 1765.0, -8.64, -9.85, -19.8
4000, 0.84, 10828, 55125, 20.36, 2306.4, -6.15, -12.11, -23.3
8000, 0.44, 10828, 55125, 20.36, 3010.2, -7.28, -14.28, -27.1
Room: A l l l
Fre R.T. S. V. MFP axS C ofl Cof2 Cof3
63, 0.64, 3172, 8490, 10.71, 602.7, 5.46, -16.96, -24.3
125, 0.56, 3172, 8490, 10.71, 666.1, -1.53, -11.22, -23.7
250, 0.48, 3172, 8490, 10.71, 761.3, 1.20, -11.28, -25.5
500, 0.40, 3172, 8490, 10.71, 894.5, -0.25, -10.62, -27.7
1000, 0.41, 3172, 8490, 10.71, 875.5, -0.21, -14.82, -27.4
2000, 0.52, 3172, 8490, 10.71, 713.7, 0.56, -16.42, -24.5
4000, 0.55, 3172, 8490, 10.71, 669.3, 0.78, -14.60, -23.9
8000, 0.38, 3172, 8490, 10.71, 916.7, -1.92, -16.93, -28.3
Appendix D 
Computer Programs
D-l. REGRESSION. BAS
10 CLS : LO C A TE 3, 20: PRINT "M U LTIPLE AND STEPW ISE 
REGRESSION PROGRAM":
PRINT
20 PRINT TAB(IO); "This program will perform multiple regression or 
stepwise"
30 PRINT TAB(IO); "regression. Some data transformations are provided. 
Data"
40 PRINT TAB( 10); "management subroutines are included. A forecast can 
be made"
50 PRINT TAB( 10); "using the estimated regression equation. Results may 
be"
60 PRINT TA B(10); "printed at CRT or printer. As many as 11 variables (10" 
70 PRINT TAB(10); "independent and 1 dependent) can be considered with 
each"
80 PRINT TAB(10); "variable having 100 observations."
90 LOCATE 14,28: LINE INPUT "PRESS RETURN TO CONTINUE"; Y$
100 REM IT = Total number of variables in problem
110 REM IV = Number of independent variables
120 REM IO = Number of data points including forecast
130 REM IH = Number of data points not including forcast
140 REM VNAM$(I) = Array containing names of variables
150 REM X(I,J) = Observed data
160 REM Y(I,J) = Estimated values for dependent variable
170 REM B(I) = Coefficients of regression equation
180 REM T95(I) = T-statistic values
190 REM R(I,J) = Used for all of the following
200 REM - Sum of squares and cross products
210 REM - Residual sums of squares and cross products
220 REM - Simple correlation coefficients
230 REM - Partial correlation coefficients
240 REM - An inverse matrix
250 DEFDBL R-S, W-X
260 DEFINT I-K, M-N
270 NOBS = 700 MAX. NO. OBSERVATIONS/VAR.
280 NOVAR = 10 'MAX. NO. VARIABLES
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80
290  D IM  X (N O V A R , N O B S ), W T (N O B S ), W S U M (N O V A R ), 
W M EAN(NOVAR)
300 DIM  R (N O V A R , N O V A R ), S IG M A (N O V A R ), B (N O V A R ), 
SB(NOVAR)
310 DIM VNAM$(NOVAR), T95(33), Y(NOBS)
320 FOR I = 1 TO 33 INITIALIZE T-STATISTIC ARRAY 
330 READ T95(I)
340 NEXT I
350 DATA 12.703,4.303,3.182,2.776,2.571,2.447,2.365 
360 DATA 2.306,2.262,2.228,2.201,2.179,2.160,2.145 
370 DATA 2.131,2.120,2.110,2.101,2.093,2.086,2.080 
380 DATA 2.074,2.069,2.064,2.060,2.056,2.052,2.048 
390 DATA 2.045,2.042,2.021,2.000,1.980
400 FOR I = 1 TO NOBS ASSUME UNIFORM  WEIGHTING
410 WT(I) = 1
420 NEXT I
430 GOSUB 6110
44 0  CLS*
450 LOCATE 12, 20: LINE INPUT "HOW ENTER DATA - KEYBOARD 
OR DISK (K/D)? K$
460 IF K$ <> "K" AND K$ <> "D" THEN LOCATE 12, 61: PRINT " ": 
GOTO 450
470 IF K$ = "K" THEN 500 
480 GOSUB 5590 
490 GOTO 870
500 CLS : LOCATE 3, 23: INPUT "ENTER NAM E OF DEPENDENT 
VARIABLE: TEMPS
510 LOCATE 5, 23: : INPUT "ENTER NUM BER OF INDEPENDENT 
VARIABLES: ";IV
520 IF IV > 0 AND IV < NOVAR THEN LOCATE 6,1: PRINT STRING$(50, 
32): GOTO 540
530 LOCATE 6, 30: PRINT "MUST BE > 0 AND < NOVAR: LOCATE 
5, 62: PRINT "
GOTO 510
540 VNAM $(IV + 1) = TEMPS: LI = 7 
550 FOR I = 1 TO IV
560 LOCATE LI, 23: PRINT "ENTER NAM E OF IN DEPENTENT 
VARIABLE: I;
570 INPUT VNAM$(I)
580 LI = LI + 1 
590 NEXT I
600 CLS : LOCATE 12, 28: LINE INPUT "FORECAST REQUIRED (Y/ 
N)? F$
610 IF F$ <> ”Y" AND F$ <> "N" THEN LOCATE 12, 53: PRINT " ":
GOTO 600
620 IF F$ = "N" THEN 14 = 0: GOTO 670
630 CLS : LOCATE 12, 23: INPUT "NUMBER OF PERIODS TO BE 
FORECAST: 14: PRINT
640 CLS : LOCATE 11, 11: PRINT "ENTER NUM BER OF DATA POINTS 
FOR EACH
INDEPENDENT VARIABLE"
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650 LO CA TE 12, 11: INPUT "INCLU D IN G  POINTS USED FOR 
FORECAST: IO
660 GOTO 680
670 CLS : LOCATE 12, 10: INPUT "ENTER NUMBER OF DATA 
POINTS FOR EACH 
INDEPENDENT VARIABLE: IO
680 IF IO >= (IV + 2 + 14) THEN 700
690 LOCATE 14, 23: PRINT "NUMBER O F DATA POINTS MUST BE > 
"; IV + 2 + 14: LOCATE
16, 28: LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: GOTO 620 
700 IF IO <= NOBS THEN 720
710 LOCATE 14, 22: PRINT "NUMBER OF DATA POINTS MUST BE < 
"; NOBS: LOCATE 16,
28: LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: GOTO 620 
720 IT = IV + 1: IH = IO -14
730 CLS : LOCATE 11, 35: PRINT "ENTER DATA": LOCATE 13, 28: 
LINE INPUT "PRESS 
RETURN TO CONTINUE"; Y$
740 FOR I = 1 TO IT
750 PRINT : IF I <> IT THEN 780
760 CLS : PRINTTAB(17); IH ;" VALUES REQUIRED FOR DEPENDENT 
VARIABLE ";
VNAM$(IT)
770 GOTO 800
780 CLS : PR IN T T A B (16); IO; " V A LU ES R E Q U IR E D  FO R 
INDEPENDENT VARIABLE ";
VNAM$(I)
790 15 = IO
800 IF I = IT THEN 15 = IH 
810 FOR J = 1 TO 15
820 PRINT TAB(30); "VALUE FOR POINT "; J;
830 INPUT X(I, J)
840 NEXT J 
850 CLS 
860 NEXT I
870 CLS : LOCATE 3, 28: PRINT "DATA M ANAGEM ENT OPTIONS:": 
PRINT : PRINT
880 PRINT TAB (22) 
890 PRINT TA B (22) 
900 PRINT TA B (22) 
910 PRINT TA B(22) 
920 PRINT TAB(22) 
930 PRINT TAB(22) 
940 PRINT TA B (22) 
950 PRINT TAB(22) 
960 PRINT TAB(22) 
970 PRINT TAB(22) 
980 PRINT TAB(22) 
990 LOCATE 18, 36
" 1. LIST DATA"
" 2. CORRECT DATA"
" 3. ADD TO DATA"
" 4. ADD AN INDEPENDENT VARIABLE"
" 5. DELETE A VARIABLE"
" 6. PERFORM REGRESSION COM PUTATIONS” 
" 7. STUDY ANOTHER MODEL"
" 8. STORE DATA ON DISK"
" 9. W EIGHT DATA"
"10. TRANSFORM  DATA"
"11. EXIT PROGRAM"
INPUT "OPTION "; IP 
1000 IF IP < 1 OR IP >  11 THEN LOCATE 18, 45: PRINT " ": GOTO 990 
1010 IF IP = 1 THEN GOSUB 4280
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1020 IF IP = 2 THEN GOSUB 4480 
1030 IF IP = 3 THEN GOSUB 4800 
1040 IF IP = 4 THEN GOSUB 5200 
1050 IF IP = 5 THEN GOSUB 5040 
1060 IF IP = 6 THEN 1130 
1070 IF IP = 7 THEN 400 
1080 IF IP = 8 THEN GOSUB 5440 
1090 IF IP = 9 THEN GOSUB 5770 
1100 IF IP = 10 THEN GOSUB 5840
1110IFIP = 11 THEN C L S: LOCATE 12,25: PRINT "END OF PROGRAM": 
END
1120 GOTO 870
1130 CLS : LOCATE 6, 31: PRINT "AVAILABLE OPTIONS: ': PRINT 
1140 PRINT TA B (24); "1. MULTIPLE REGRESSION"
1150 PRINT TAB(24); "2. STEPW ISE M ULTIPLE REGRESSION"
1160 PRINT TAB(24); "3. DATA M ANAGEM ENT OPTIONS"
1170 LOCATE 12, 37: INPUT "OPTION: "; IC
1180 IF IC < 1 OR IC > 3 THEN LOCATE 12, 47: PRINT " ": GOTO 1170 
1190 IF IC = 3 THEN 870 
1200 C$ = "Y"
1210 IF IC = 2 THEN C$ = "N"
1220 IR = 1
1230 LOCATE 14,20: INPUT "PRINT SOLUTION AT EACH ITERATION 
(Y/N)"; P$
1240 IF P$ <> "Y" AND P$ <> "N" THEN LOCATE 14, 60: PRINT " ": 
GOTO 1230
1250 IF P$ = "N" THEN IR = IR + 1
1260 LOCATE 16, 19: INPUT "OUTPUT TO APPEAR AT CRT OR 
PRINTER (C/P)"; 0 $
1270 IF OS <> "C" AND 0 $  <> "P" THEN LOCATE 16, 61: PRINT " ": 
GOTO 1260
1280 IF C$ = "Y" THEN 1310
1290 CLS : L O C A T E  12, 26: PR IN T  "ST E PW IS E  M U L T IP L E  
REGRESSION"
1300 GOTO 1320
1310 CLS : LOCATE 12, 30: PRINT "MULTIPLE REGRESSION"
1320 IF OS = "C" THEN 1400
1330 X$ = STRING$(75, 45)
1331 PRINT
1332 INPUT "DESCRIPTION OF REGRESSED DATA ", A$
1333 LPRINT A$
1340 LPRINT : LPRINT X$: LPRINT 
1350 IF C$ = "Y" THEN 1380
1360 LPRINT TA B (26); "STEPWISE M ULTIPLE REGRESSION"
1370 GOTO 1390
1380 LPRINT TAB(30); "MULTIPLE REGRESSION"
1390 LPRINT : LPRINT X$: LPRINT
1400 FI = 3.29 'F-TEST VALUE, VAR. ENTERING
1410 F2 = 3.29 'F-TEST VALUE, VAR. LEAVING
1420 TOL = .0001
1430 IDS = I
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1440 ISTEP = 1 
1450 W DATA = 0 
1460 FOR I = 1 TO IH
1470 W DATA = WDATA + W T(I) 'TOTAL WEIGHTS
1480 NEXT I
1490 FOR I = 1 TO IT
1500 W SUM (I) = 0
1510 FOR J = I TO IH TO T A L W EIGHTED SUM 
1520 W SUM (I) = WSUM(I) + WT(J) * X(I, J)
1530 NEXT J 
1540 NEXT I
1550 REM W EIGHTED SUMS OF SQUARES AND CROSS PRODUCTS
15 6 0  F O R  I = 1 TO IT
1570 FOR J = I TO IT
1580 R(I, J) = 0
1590 FOR K = 1 TO IH
1600 R(I, J) = R(I, J) + W T(K) * X(I, K) * X(J, K)
1610 NEXT K 
1620 NEXT J 
1630 NEXT I 
1640 FOR I = 1 TO IT
1650 W M EAN(I) = WSUM(I) / W DATA 'WEIGHTED MEAN 
1660 NEXT I
1670 REM W EIGHTED RESIDUAL SUM OF SQUARES AND CROSS
PRODUCTS
1680 FOR I = 1 TO IT
1690 FOR J = 1 TO IT
1700 R(I, J) = R(I, J) - W SUM(I) * WSUM(J) / W DATA
1710 NEXT J
1720 NEXT I
1730 FOR I = 1 TO IT
1740 SIGM A(I) = R(I, I) A .5
1750 NEXT I
1760 REM CORRELATION COEFFICIENTS 
1770 FOR I = 1 TO IT 
1780 FOR J = 1 TO IT
1790 R(I, J) = R(I, J) / (SIGMA(I) * SIGMA(J))
1800 NEXT J 
1810 NEXT I 
1820 FOR I = 2 TO IT 
1830 11 = 1 -1  
1840 FOR J = 1 TO II 
1850 R(I, J) = R(J, I)
1860 NEXT J 
1870 NEXT I 
1880 PHI = W DATA - 1 
1890 INDEX = 1 
1900 FOR J = 1 TO IT 
1910 SB(J) = 0 
1920 B(J) = 0 
1930 NEXT J
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1940 CLS
1950 IF (R(IT, IT) > -9.999999E-06) AND (R(IT, IT) < 0) THEN R(IT, IT) 
=  0
1960 S Y = SIGMA(IT) * (R(IT, IT) / PH I)A ,5'STD. ERROR OF DEP. VAR. 
1970 IF C$ <> "Y" THEN 2740 
1980 IF ISTEP <= 1 THEN 2110 
1990 NN = ISTEP - 1
2000 REM REGRESSION COEFFICIENTS 
2010 FOR I = 1 T O N N
2020 B(I) = R(I, IT) * SIG M A (IT) / SIG M A (I) 'R EG R ESSIO N
COEFFICIENTS
2030 IF R(I, I) > 0 THEN 2090
2040 CLS : LOCATE 11, 10: PRINT "SOLUTION CANNOT BE FOUND 
USING MULTIPLE"
2050 PRINT TA B(10); "REGRESSION. VARIABLE V N A M $(I);" IS A 
LINEAR
COMBINATION"
2060 PRINT TAB(10); "OF THE OTHER VARIABLES. TRY THE
STEPW ISE REGRESSION
OPTION."
2070 LOCATE 16, 28: LINE INPUT "PRESS RETURN TO CONTINUE"; 
Y$: GOTO 1130
2080 REM STD. ERROR OF REGRESSION COEFFICIENTS 
2090 SB(I) = SY * R(I, I) A .5 / SIGMA(I)
2100 NEXT I
2110 IF IR > 1 THEN 2430 'SKIP PRINT
2120 B(IT) = W MEAN(IT)
2130 NN = IT - 1
2140 FOR I = 1 TO NN
2150 B(IT) = B(IT) - B(I) * W MEAN(I)
2160 NEXT I
2170 REM COEFFICIENT OF DETERMINATION 
2180 DETER = 1 - R(IT, IT)
2190 IF DETER < .000001 THEN DETER = 0 
2200 DEVEST = SY
2210 IF DEVEST < .000001 THEN DEVEST = 0 
2220 IF OS = "P" THEN 2350
2230 PRINT : PRINT "REGRESSION NUMBER "; ISTEP 
2240 PRINT TAB(5); VNAM$(IT); " = "; B(IT)
2250 FOR I = 1 TO NN 
2260 IF B(I) = 0 THEN 2280 
2270 PRINT " + "; B(I); VNAM$(I)
2280 NEXT I
2290 PRINT "COEFFICIENT OF DETERMINATION = "; DETER 
2300 PRINT "STD DEVIATION OF ESTIMATE = "; DEVEST 
2310 IF ISTEP <> (IDS * 3) THEN 2340 
2320 IF ISTEP = IT THEN 2430
2330 IDS = IDS + 1: PRINT : LINE INPUT "PRESS RETURN TO 
CONTINUE"; Y$: CLS 
2340 PRINT : GOTO 2430
2350 LPRINT : LPRINT "REGRESSION NUMBER "; ISTEP
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2360 LPRINT TAB(5); VNAM$(IT); " = B(IT)
2370 FOR I = 1 TO NN
2380 IF B(I) = 0 THEN 2400
2390 LPRINT " + B(I); VNAM$(I)
2400 NEXT I
2410 LPRINT "COEFFICIENT OF DETERMINATION = DETER
2420 LPRINT "STD DEVIATION OF ESTIMATE = DEVEST
2430 ISTEP = ISTEP + 1
2440 IF C$ <> "Y" THEN 2570
2450 IF ISTEP < IT THEN 2550
2460 IF ISTEP > IT THEN 3100
2470 IF OS <> "C" THEN 2500
2480 PRINT : PRINT "FINAL SOLUTION"
2490 GOTO 2510
2500 LPRINT : LPRINT "FINAL SOLUTION"
2510 IY = IR 
2520 IR = 3
2530 IF C$ <> "Y" THEN 2120
2540 IR = 1
2550 K = ISTEP - 1
2560 PHI = PHI - 1
2570 IF IR > 2 THEN 3100
2580 REM CALCULATE NEW MATRIX
2590 FOR I = 1 TO IT
2600 IF I = K THEN 2650
2610 FOR J = 1 TO IT
2620 IF J = K THEN 2640
2630 R(I, J) = R(I, J) - R(I, K) * R(K, J) / R(K, K)
2640 NEXT J
2650 NEXT I
2660 FOR I = 1 TO IT
2670 IF I = K THEN 2700
2680 R(I, K) = -R(I, K) / R(K, K)
2690 R(K, I) = R(K, I) / R(K, K)
2700 NEXT I
2710 R(K, K) = 1 / R(K, K)
2720 IF C$ <> ”Y" THEN 1890
2730 GOTO 1950
2740 IX = 0
2750 VX = 0
2760 IM = 0
2770 VM = 99999!
2780 IF (R(INDEX, INDEX) - TOL) > 0 THEN 2930 'CHECK 
INDEPENDENCE
2790 IF (INDEX + 1) >= IT THEN 2820
2800 INDEX = INDEX + 1
2810 GOTO 2780
2820 IF R(IT, IT) <= 0 THEN 2470
2830 IF (VM * PHI / R(IT, IT)) >= F2 THEN 2870 'VARIANCE 
SIGNIFICANT?
2840 K = IM
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2850 PHI = PHI + 1 
2860 GOTO 2110
2870 IF R(IT, IT) <= VX THEN 2900
2880 REM IS VARIANCE REDUCTION SIGNIFICANT?
2890 IF (VX * (PHI - 1) / (R(IT, IT) - VX)) <= F I THEN 2470 
2900 K =  IX 
2910 PHI = PHI - 1 
2920 GOTO 2110
2930 V = R(INDEX, IT) * R(IT, INDEX) / R(INDEX, INDEX)
2940 IF V = 0 THEN 2790 'NOT ADD TO EQUATION
2950 IF V > 0 THEN 3060 ’MIGHT ADD TO EQUATION
2960 REM REGRESSION COEFFICIENT FOR VARIABLE 
2970 B(INDEX) = R(INDEX, IT) * SIGMA(IT) /  SIGM A(INDEX)
2980 REM VARIABLE STANDARD DEVIATION 
2990 SB (INDEX) = SY * R(INDEX, INDEX) A .5 /  SIGM A(INDEX) 
3000 REM W HAT VARIABLE CAUSES THE GREATEST VARIANCE 
REDUCTION, AND
3010 REM W HAT VARIABLE CAUSES THE LEAST VARIANCE 
REDUCTION?
3020 IF (V + VM) <= 0 THEN 2790
3030 VM = -V
3040 IM = INDEX
3050 GOTO 2790
3060 IF (V - VX) <= 0 THEN 2790
3070 VX = V
3080 IX = INDEX
3090 GOTO 2790
3100 IF OS = "P" THEN 3120
3110 P R IN T : LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: CLS 
3120 IR = IY 
3130 11 = IT - 1
3140 REM CALCULATE ESTIM ATE VALUES FOR DEPENDENT
VARIABLE
3150 FOR J =  1 TO IH
3160 Y(J) = B(IT)
3170 FOR I = 1 TO II
3180 Y(J) = Y(J) + B(I) * X(I, J)
3190 NEXT I 
3200 NEXT J 
3210 111 = 11- 1
3220 CLS : LOCATE 11, 20: INPUT "WANT TO SEE LIMITS ON 
PREDICTIONS (Y/N)"; F$
3230 IF F$ <> "Y" THEN 3440
3240 LO C A TE 13, 14: IN PU T "USE PR O G R A M  SU PPLIED  T- 
STATISTICS FOR LIMITS (Y/N)";
L$
3250 IF L$ <> "Y" AND L$ <> "N" THEN LOCATE 13, 66: PRINT " ": 
GOTO 3240
3260 IF L$ = "Y" THEN 3300
3270 LOCATE 15, 29: INPUT "ENTER THE T-STATISTIC: "; T 
3280 GOTO 3440
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3290 REM IF T-STATISTIC NOT IN ARRAY T95, THEN CALCULATE 
VALUE
3300 IF PHI > 30 THEN 3340 
33 10 IHI = PHI 
3320 T = T95(IHI)
3330 GOTO 3440
3340 IF PHI > 40 THEN 3370
3350 T  = T95(30) - (PHI - 30) * .0021
3360 GOTO 3440
3370 IF PHI > 60 THEN 3400
3380 T = T 95(31) - (PHI - 40) * .00105
3390 GOTO 3440
3400 IF PHI > 120 THEN 3430
3410 T = T95(32) - (PHI - 60) * .02 / 60
3420 GOTO 3440
3430 T = T95(33)
3440 SYS = SIGM A(IT) A 2 * R(IT, IT) / PHI 
3450 IF OS = "P" THEN 3670
3460 CLS : PRINT "ACTUAL VERSUS PREDICTED VALUES FOR 
VNAM$(IT)
3470 PRINT "OBS NO.", "ACTUAL", "PREDICTED", "DIFFERENCE", 
"%DIFFERENCE"
3480 IC = I
3490 FOR J = 1 TO IH
3500 IF J <> (IC * 20) THEN 3530
3510 IC = IC + 1
3520 PRINT : LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: CLS 
: PRINT "OBS NO.",
"ACTUAL", "PREDICTED", "DIFFERENCE", "%DIFFERENCE"
3530 DIF = X(IT, J) - Y(J)
3540 IF X(IT, J) <> 0 THEN 3570 
3550 IF DIF <> 0 THEN PDIF = 999999!
3560 GOTO 3580
3570 PDIF = DIF / X(IT, J) * 100
3580 OBS = X(IT, J)
3590 PRINT J, OBS, Y(J), DIF, PDIF 
3600 NEXT J
3610 PRINT : LINE INPUT "PRESS RETURN TO CONTINUE"; Y$ 
3620 IF F$ <> "Y" THEN 4260
3630 CLS : PRINT "CONFIDENCE LIMITS ON PREDICTED VALUES" 
3640 PRINT: PRINT "DEGREES OF FREEDOM = "; PHI; "T-STATISTIC
_ _  m  ,  <-j-i
3650 PRINT "OBS NO.", "LOWER LIMIT", "PREDICTED", "UPPER 
LIMIT"
3660 GOTO 3810
3 6 7 0  L P R IN T  C H R $ (1 2 ): L P R IN T  "O B S N O ." , "A C T U A L ", 
"PREDICTED", "DIFFERENCE",
"%DIFFERENCE"
3680 FOR J = 1 TO IH 
3690 DIF = X(IT, J) - Y(J)
3700 IF X(IT, J) <> 0 THEN 3730
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3710 IF DIFF <> 0 THEN PDIF = 999999!
3720 GOTO 3750 
3730 OBS = X(IT, J)
3740 PDIF = DIF /  X(IT, J) * 100 
3750 LPRINT J, OBS, Y(J), DIF, PDIF 
3760 NEXT J 
3765 LPRINT CHR$(12)
3770 IF F$ <> "Y" THEN 4260
3780 LPRINT "CONFIDENCE LIMITS ON PREDICTED VALUES" 
3790 LPRINT : LPRINT "DEGREES OF FREEDOM  = PHI; ” T- 
STATISTIC = T
3800 LPRINT : LPRINT "OBS NO.", "LOW ER LIMIT", "PREDICTED", 
"UPPER LIMIT"
3810 XM = IH
3820 IC = 1
3830 FOR I = 1 TO IO
3840 IF I <> (IC * 20) THEN 3880
3850 IC = IC + 1
3860 IF 0 $  <> "C” THEN 3880
3870 PRINT : LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: CLS 
: PRINT "OBS NO.",
"LOW ER LIM IT", "PREDICTED", "UPPER LIMIT"
3880 VARY = SYS / XM 
3890 Y(I) = B(IT)
3900 IF III <= 0 THEN 4110 
3910 FOR J =  1 TO III 
3920 IF SB(J) = 0 THEN 3960
3930 IF (SIGMA(J) = 0) OR (SIGMA(J) >= 1E+20) THEN 3960 
3940 XSB = SYS * R(J, J) / SIGMA(J) A 2 
3950 GOTO 3970 
3960 XSB = 0
3970 Y(I) = Y(I) + B(J) * X(J, I)
3980 DIF = X(J, I) - WMEAN(J)
3990 VARY = VARY + XSB * DIF A 2
4000 KK = J + I
4010 FOR K = KK TO II
4020 IF SB(K) = 0 THEN 4070
4030 IF (SIGMA(J) = 0) OR (SIGMA(J) >= 1E+20) THEN 4070 
4040 IF (SIGM A(K) = 0) OR (SIGMA(K) >= 1E+20) THEN 4070 
4050 XSB = SYS * R(J, K) / (SIGMA(J) * SIGMA(K))
4060 GOTO 4080 
4070 XSB = 0
4080 VARY = VARY + 2 * XSB * DIF * (X(K, I) - W MEAN(K))
4090 NEXT K 
4100 NEXT J
4110 IF SB(II) <= 0 THEN 4150
4120 IF (SIGM A(II) = 0) OR (SIGMA(II) >= 1E+20) THEN 4150 
4130 XSB = SYS * R(II, II) / SIGMA(II) A 2 
4140 GOTO 4160 
4150 XSB = 0
4160 Y(I) = Y(I) + B(II) * X(II, I)
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4170 VARY = VARY + XSB * (X(II, I) - W MEAN(II)) A 2
4180 SVARY = (VARY + SYS) A .5
4190 LLM  = Y(I) - SVARY * T
4200 ULM = Y(I) + SVARY * T
4210 IF OS = "P" THEN 4240
4220 PRINT I, LLM, Y(I), ULM
4230 GOTO 4250
4240 LPRINT I, LLM, Y(I), ULM
4250 NEXT I
4255 IF OS = "P" THEN LPRINT CHR$(12)
4260 PRINT : PRINT TAB(28);
4270 LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: GOTO 1130 
4280 REM SUBROUTINE: LIST DATA
4290 CLS: LOCATE 12, 12: LINE INPUT "ENTER NAM E OF VARIABLE
IDENTIFYING DATA
TO BE LISTED: IDS
4300 GOSUB 4730
4310 IF IFL = 0 THEN 4350
4320 LOCATE 14, 26: LINE INPUT "NO MATCH - TRY AGAIN (Y/N)? 
"■ Y$
4330 IF Y$ <> "Y" THEN RETURN 
4340 GOTO 4290 
4350 MM = IO
4360 IF I = IT THEN MM = IH
4370 CLS : LOCATE 1, 30: PRINT "LIST OF DATA FOR "; VNAMS(I): 
PRINT
4380 IC = 1: IB = 1: ID = 0
4390 FOR J = 1 TO MM
4400 IF J <> (IC * 20 + 1) THEN 4420
4410 IC = IC + 1: IB = IB + 20: ID = ID - 20
4420 LOCATE ID + J + 2, IB: PRINT USING "###. "; J;
4430 PRINT X(I, J)
4440 NEXT J
4450 LOCATE 24, 27: LINE INPUT "LIST ADDITIONAL DATA (Y/N)? 
"■ Y$
4460 IF Y$ = "Y" THEN 4280 
4470 RETURN
4480 REM  SUBROUTINE: CORRECT DATA
4490 CLS : LOCATE 12, 14: LINE INPUT "ENTER VARIABLE NAME
SPECIFYING DATA TO
BE CHANGED: "; IDS
4500 GOSUB 4730
4510 IF IFL = 0 THEN 4550
4520 LOCATE 14, 26: LINE INPUT "NO MATCH - TRY AGAIN (Y/N)? 
" ■ Y$
4530 IF Y$ <> "Y" THEN RETURN 
4540 GOTO 4490 
4550 15 = IO
4560 IF I = IT THEN 15 = IH
4570 CLS : LOCATE 12, 12: LINE INPUT "DO YOU W ANT TO MODIFY 
ALL DATA FOR THIS
90
VARIABLE (Y/N)? Y$
4580 IF Y$ = "Y" THEN 4650
4590 CLS : LOCATE 10, 16: INPUT "ENTER POSITION OF DATA 
ELEM ENT TO BE 
CHANGED: J
4600 IF J < 1 OR J > 15 THEN LOCATE 10, 64: PRINT " ": GOTO 4590 
4610 LOCATE 12, 30: INPUT "ENTER DATA ELEMENT: X(I, J)
4620 LOCATE 14, 19: LINE INPUT "WANT TO CHANGE OTHER 
DATA FOR THIS VARIABLE 
(Y/N)? Y$
4630 IF Y$ = "Y" THEN 4590 
4640 RETURN 
4650 15 = IO
4660 IF I = IT THEN 15 = IH
4670 CLS : LOCATE 1, 27: PRINT 15; " VALUES REQUIRED FOR "; 
VNAM$(I): PRINT 
4680 FOR J = 1 TO 15
4690 PRINT TAB(30); "VALUE FOR POINT "; J;
4700 INPUT X(I, J)
4710 NEXT J
4720 CLS : GOTO 4620
4730 REM SUBROUTINE: LOCATE M ATCHING VARIABLE NAME
4740 IFL = 0
4750 FOR I = 1 TO IT
4760 IF ID$ = VNAM$(I) THEN RETURN
4770 NEXT I
4780 IFL = 1 'NO M ATCH FOUND 
4790 RETURN
4800 REM SUBROUTINE: ADD TO DATA
4810 CLS : LOCATE 12, 28: LINE INPUT "FORECAST REQUIRED (Y/ 
N)? F$
4820 IF F$ <> "Y" AND F$ <> "N" THEN LOCATE 12, 53: PRINT " ": 
GOTO 4810
4830 IF F$ = "N" THEN 14 = 0: GOTO 4850
4840 CLS : LOCATE 12, 23: INPUT "NUMBER OF PERIODS TO BE 
FORECAST: "• 14
4850 CLS : LOCATE 11, 11: PRINT "ENTER NUMBER OF DATA 
POINTS FOR EACH 
INDEPENDENT VARIABLE"
4860 LOCATE 12, 11: INPUT "INCLUDING POINTS USED FOR 
FORECAST: IA
4870 IF IA > (IV + 2 -14) THEN 4890
4880 LOCATE 14, 23: PRINT "NUMBER DATA POINTS MUST BE > "; 
IV + 2 -14: LOCATE 16,
28: LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: GOTO 4850 
4890 IF IA <= NOBS THEN II = IO + 1: 12 = IA: GOTO 4910 
4900 LOCATE 14, 22: PRINT "NUMBER OF DATA POINTS MUST BE 
< "; NOBS: LOCATE 16,
28: LINE INPUT "PRESS RETURN TO CONTINUE"; Y$: GOTO 6020 
4910 FOR I = 1 TO IT
4920 IF I = IT THEN II = IH + 1: 12 = IA -14
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4930 IF I <> IT THEN 4960
4940 CLS : PRINT TAB(16); "ENTER ADDITIONAL DATA FOR 
DEPENDENT VARIABLE 
VNAM$(IT): PRINT 
4950 GOTO 4970
4960 CLS : PRINT TAB(15); "ENTER ADDITIONAL DATA FOR 
INDEPENDENT VARIABLE 
VNAM$(I): PRINT 
4970 FOR J = II TO 12
4980 PRINT TAB(30); "VALUE FOR POINT "; J;
4990 INPUT X(I, J)
5000 NEXT J
5010 NEXT I
5020 IO = IA: IH = IO - 14
5030 RETURN
5040 REM SUBROUTINE: DELETE AN INDEPENDENT VARIABLE 
5050 CLS : LOCATE 12,21: LINE INPUT "ENTER NAME OF VARIABLE 
TO BE DELETED:
IDS
5060 GOSUB 4730 
5070 IF IFL = 0 THEN 5110
5080 LOCATE 14, 26: LINE INPUT "NO MATCH - TRY AGAIN (Y/N)? 
"■ Y$
5090 IF Y$ <> "Y" THEN RETURN 
5100 GOTO 5050 
5110 FOR J = I TO IT - 1 
5120 VNAMS(J) = VNAM$(J + 1)
5130 FOR K = 1 TO IO 
5140 X(J, K) = X(J + 1, K)
5150 NEXT K 
5160 NEXT J 
5170 IV = IV - 1 
5180 IT = IT - 1 
5190 RETURN
5200 REM SUBROUTINE: ADD AN INDEPENDENT VARIABLE 
5210 VNAM $(IT + 1) = VNAMS(IT)
5220 C L S : LOCATE 12,22: LINE INPUT "ENTER NAME OF VARIABLE 
TO BE ADDED:
VNAMS(IT)
5230  L O C A T E  14, 16: L IN E  IN PU T "D U PL IC A T E E X IST IN G  
INDEPENDENT VARIABLE (Y/N)?
"■ Y$
5240 IF Y$ = "Y" THEN 5320
5250 CLS : PR IN T T A B (16); IO; " VALUES R EQ U IR ED  FOR
INDEPENDENT VARIABLE
VNAMS(IT): PRINT
5260 FOR J = 1 TO IO
5270 X (IT +  1, J) = X(IT, J)
5280 PRINT TAB(30); "VALUE FOR POINT J;
5290 INPUT X(IT, J)
5300 NEXT J
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5310 GOTO 5410
5320 CLS : LO CA TE 12, 13: LINE INPUT "ENTER NAM E OF
INDEPENDENT VARIABLE TO
BE DUPLICATED: IDS
5330 GOSUB 4730
5340 IF IFL = 0 THEN 5370
5350 LOCATE 14, 26: LINE INPUT "NO MATCH - TRY AGAIN (Y/N)? 
"■ Y$
5360 IF Y$ <> "Y" THEN 5430 
5370 FOR J = 1 TO IO 
5380 X(IT + 1, J) = X(IT, J)
5390 X(IT, J) = X(I, J)
5400 NEXT J 
5410 IT = IT + 1 
5420 IV = IV + 1 
5430 RETURN
5440 REM SUBROUTINE: STORE DATA ON DISK
5450 CLS : LOCATE 11,31: LINE INPUT "ENTER DISK DRIVE: "; DD$:
DD$ = DD$ + ":"
5460 LOCATE 13, 27: LINE INPUT "ENTER NAME OF DISK FILE: 
NAM$: NAMS = DD$ +
NAMS + ".DAT"
5470 OPEN NAMS FOR OUTPUT AS #3
5480 W RITE #3, IT, IH, 14
5490 ID = IO
5500 FOR I = I TO IT
5510 W RITE #3, VNAMS(I)
5520 IF I = IT THEN ID = IH 
5530 FOR J = 1 TO ID 
5540 W RITE #3, X(I, J)
5550 NEXT J 
5560 NEXT I 
5570 CLOSE #3 
5580 RETURN
5590 REM SUBROUTINE: READ DATA FROM DISK
5600 CLS : LOCATE 11,31: LINE INPUT "ENTER DISK DRIVE: "; DD$:
DD$ = DD$ +
5610 LOCATE 13, 28: LINE INPUT "ENTER NAME OF DISK FILE: 
NAMS: NAMS = DD$ +
NAMS + ".DAT)"
5620 OPEN NAMS FOR INPUT AS #3
5630 INPUT #3, IT, IH, 14
5640 IO = IH + 14
5650 IV = IT - 1
5660 IF 14 > 0 THEN F$ = "Y"
5670 ID = IO
5680 FOR I = 1 TO IT
5690 INPUT #3, VNAMS(I)
5700 IF (I = IT) THEN ID = IH 
5710 FOR J = 1 TO ID 
5720 INPUT #3, X(I, J)
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5730 NEXT J 
5740 NEXT I 
5750 CLOSE #3 
5760 RETURN
5770 REM SUBROUTINE: W EIGHT DATA
5780 CLS : LOCATE 11, 35: PRINT "WEIGHT DATA": LOCATE 13, 28:
LINE INPUT "PRESS
RETURN TO CONTINUE"; Y$: CLS
5790 FOR I = 1 TO IH
5800 PRINT TAB(25); "ENTER WEIGHT FOR DATA POINT I;
5810 INPUT WT(I)
5820 NEXT I 
5830 RETURN
5840 REM SUBROUTINE: DATA TRANSFORM  
5850 CLS : PRINT TAB(30); "N = NO TRANSFORM "
5860 PRINT TAB(30); "L = LOG(X) TO BASE 10"
5870 PRINT TAB(30); "P = POLYNOMIAL X AN": PRINT
5880 MM = IO
5890 FOR I = 1 TO IT
5900 IF I = IT THEN MM = IH
5910 PRINT TAB(21); "ENTER TRANSFORM  CODE FOR VARIABLE 
VNAM$(I);
5920 INPUT TC$
5930 IF TC$ = "N” THEN 6090
5940 IF TC$ = "L" THEN IK = 1: GOTO 5990
5950 IF TC$ = "P" THEN IK  = 2: GOTO 5970
5960 PRINT TAB(34); "INVALID CODE": GOTO 5910
5970 PRINT TA B(24);
5980 INPUT "ENTER VALUE FOR EXPONENT (XAN): "; EX 
5990 FOR J = 1 TO MM PERFORM TRANSFORM S 
6000 ON IK GOTO 6010, 6070 
6010 IF X(I, J) > 0 THEN 6050
6020 PRINT "CANNOT TAKE THE LOG OF A NUMBER <= 0 "
6030 PRINT TAB(22); "VALUE OF DATA ELEM ENT INVOLVED IS "; 
X(I, J ) ; .
6040 PRINT : GOTO 6080
6050 X(I, J) = LOG(X(I, J)) / LOG(IO)
6060 GOTO 6080 
6070 X(I, J) = X(I, J) A EX 
6080 NEXT J 
6090 NEXT I 
6100 RETURN
6110 REM SUBROUTINE: LIST PROGRAM OPTIONS
6120CLS : LOCATE 1,27: PRINT "PROGRAM OPTIONS AVAILABLE:":
PRINT
6130 PRINT "DATA INPUT:"
6140 PRINT TAB(5); "K = Keyboard"
6150 PRINT TAB(5); "D = Disk File"
6160 PRINT "DATA MANAGEMENT:"
6170 PRINT TAB(5); "Correction of Data"
6180 PRINT TAB(5); "Add to Data"
6190 PRINT TAB(5); "Deletion of Variables"
6200 PRINT TAB(5); "Addition of Variables"
6210 PRINT TAB(5); "Weight Data"
6220 PRINT TAB(5); "Transform Data"
6230 PRINT TAB(5); "Store Data on Disk"
6240 PRINT "OUTPUT RESULTS:"
6250 PRINT TAB(5); "C = CRT Display"
6260 PRINT TAB(5); "P = Printer"
6270 PRINT "COMPUTATIONAL:"
6280 PRINT TAB(5); "Multiple Regression"
6290 PRINT TAB(5); "Stepwise M ultiple Regression"
6300 LOCATE 3, 40: PRINT "SOLUTION RESULTS:"*
6310 LOCATE 4, 45: PRINT "Y = Solution at each Iteration"
6320 LOCATE 5, 45: PRINT "N = Final Solution Only"
6330 LOCATE 6, 40: PRINT "DATA WEIGHTING SCHEM ES:”
6340 LOCATE 7, 45: PRINT "Uniform, Program Supplied"
6350 LOCATE 8, 45: PRINT "Non-Uniform, User Supplied Weights" 
6360 LOCATE 9, 40: PRINT "CONFIDENCE LIM ITS:”
6370 LOCATE 10, 45: PRINT "Y = Program Supplied 95% T-Statistic" 
6380 LOCATE 11, 45: PRINT "N = User Supplied T-Statistic"
6390 LOCATE 12, 40: PRINT "FORECAST HORIZON:”
6400 LOCATE 13, 45: PRINT "Y = Forecast Required"
6410 LOCATE 14, 45: PRINT "N = No Forecast"
6420 LOCATE 15, 40: PRINT "TRANSFORMS AVAILABLE:"
6430 LOCATE 16, 45: PRINT "N = No Transforms"
6440 LOCATE 17, 45: PRINT "L = Log(X) to Base 10"
6450 LOCATE 18, 45: PRINT "P = Polynomial X AN"
6460 LOCATE 24, 28: LINE INPUT "PRESS RETURN TO CONTINUE"
Y$
6470 RETURN
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D-2. RE VTEVI2. BAS
DIM FREQ(27), ALPHA(27), FREQ I (9), ALPHA I (9), ALPHA2(9), 
ALPHA3(9), ALPHA4(9)
DIM REVTIM E(27), REVTIM E1(9), REVTIM E2(9), REVTIM E3(9), 
ALPHA5(9), ALPHA6(9)
FR E Q (l) = 50: FREQ(2) = 63: FREQ(3) = 80: FREQ(4) = 100: FREQ(5) = 
125
FREQ(6) = 160: FREQ(7) = 200: FREQ(8) = 250: FREQ(9) = 315: 
FREQ(IO) = 400
FR EQ (11) = 500: FREQ(12) = 630: FREQ(13) = 800: FREQ( 14) = 1000 
FREQ(15) = 1250: FREQ(16) = 1600: FREQ(17) = 2000: FREQ(18) = 2500 
FREQ(19) = 3150: FREQ(20) = 4000: FREQ(21) = 5000: FREQ(22) = 6300 
FREQ(23) = 8000: FREQ(24) = 10000
F R E Q l(l)  = 63: FREQ 1(2) = 125: FREQ 1(3) = 250: FREQ 1(4) = 500 
FREQ 1 (5) = 1000: FREQ 1 (6) = 2000: FREQ 1 (7) = 4000: FREQ 1(8) = 8000
CLS
PRINT "INPUT 1/3 OCTAVE REVERBERATION TIMES": PRINT
FOR I = 1 TO 24
PRINT "1/3 OCT. FREQ. = TAB(20); FREQ(I); TAB(30);
INPUT "REV. TIM E = ", REVTIME(I)
NEXT I
LPRINT "MEASURED 1/3 OCTAVE REVERBERATION TIMES"
FOR I = 1 TO 24
LPRINT "1/3 OCT. FREQ. = FREQ(I); TAB(30); "REV. TIM E = "; 
LPRINT USING REVTIME(I)
NEXT I
LPRINT
PRINT "INPUT ROOM DIMENSIONS": PRINT
INPUT "ROOM LENGTH (FT) = ", RL 
INPUT "ROOM WIDTH (FT) = ", RW 
INPUT "ROOM HEIGHT (FT) = ", RH
VOL = RL * RW * RH
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AREA = 2 * (RL * RW + RL * RH + RW * RH)
LPRINT "ROOM LENGTH = RL; " FT"
LPRINT "ROOM W IDTH = RW; " FT"
LPRINT "ROOM HEIGHT = "; RH; " FT"
LPRINT "ROOM VOLUM E = "; VOL; " CU FT"
LPRINT "ROOM SURFACE AREA = "; AREA; "SQ FT"
LPRINT
FOR I = 1 TO 24
AB = .049 * VOL / REVTIME(I)
ALPHA(I) = 1 - EXP(-AB / AREA)
NEXT I
J = 1
FOR I = 1 TO 8
ALPHA 1(1) = (ALPHA(J) + ALPHA(J + 1) + ALPHA(J + 2)) / 3 
J = J + 3
NEXT I
FOR I = 1 TO 8
AB = -AREA * LO G (l - ALPHA 1(1))
REVTIM E3(I) = .049 * VOL / AB
NEXT I
LPRINT "MEASURED 1/1 OCTAVE REVERBERATION TIMES"
FOR I = 1 TO 8
LPRINT "1/1 OCT. FREQ. = "; FREQ 1(1); TAB(30); "REV. TIME = "; 
LPRINT USING "#.##"; REVTIME3(I)
NEXT I
LPRINT
CLS
PRINT "CALCULATED EXISTING AVG. SOUND A BSO RPTION  
COEFFICIENTS"
LPRINT "CALCULATED EXISTING AVG. SOUND ABSORPTION 
COEFFICIENTS"
FOR I = 1 TO 8
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PRINT "1/1 OCT. FREQ. = FREQ 1(1); TAB(30); "AVG. ABS. COEF.
• I .
PRINT USING "#.###"; ALPHA 1(1)
LPRINT "1/1 OCT. FREQ. = FREQ 1(1); TAB(30); "AVG. ABS. COEF. 
_  ". .
LPRINT USING "#.###"; ALPHA 1(1)
NEXT I
LPRINT CHR$(12)
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D-3. CHA-DAT A. BAS
REM THIS PROGRESS CONVERTS DATA TO BE USED B Y regress.bas. 
REM THE INPUT FILE IS roomeq.dat.
REM INDEPENDENT VARIABLES ARE:
REM 1) FREQUENCY - freq
REM 2) REVERBERATION TIME - time
REM 3) SURFACE AREA - surarea
REM 4) ROOM VOLUM E - volume
REM 5) MEAN FREE PATH - mfp
REM 6) NORM ALIZED ABSORBTION COEFF. - sa
REM DEPENDENT VARIABLES ARE:
REM 1) COEFF. 1 - cffl
REM 2) COEFF.2- cff2
REM 3) COEFF.3- cff3
REM SETTING SCREEN 
COLOR 14, 1 
CLS
REM OPENING FILE
INPUT “INSERT DESIRED INPUT FILENAME filenames 
filenam es = “C:\ROOMY’ + filenames + “ .dat”
OPEN filenam es FOR INPUT AS #2
REM DIM ENSIONING ARRAYS
DIM freq(500), time(500), volume(500), mfp(500), sa(500), c ffl (500), 
cff2(500)
DIM surarea(500), cff3(500)
REM INPUTING DATA FROM roomeq.dat DATA FILE 
total = 0
DO UNTIL EOF(2) = -l 
total = total + 1
INPUT #2, frq, tim, sura, volum, mf, s, c f l, cf2, cf3 
freq(total) = frq 
time(total) = tim 
surarea( total) = sura 
volume( total) = volum 
mfp(total) = mf 
sa(total) = s 
cffl (total) = cfl 
cff2(total) = cf2 
cff3(total) = cf3 
LOCATE 5, 28 
PRINT total 
LOOP 
CLOSE #2
REM OPENING TO OUTPUT FILE
PRINT
PRINT
PRINT
99
PRINT 
PRINT 
PRINT 
COLOR 10
INPUT “INSERT DESIRED OUTPUT FILENAM E filenam es 
filenam es = filenam es + “ .DAT”
OPEN filenam es FOR OUTPUT AS #2 
REM W RITING TO OUTPUTFILE 
W RITE #2, 9, total, 0 
REM INDEPENDENT VARIABLES 
WRITE #2, “FREQ”
FOR i = 1 TO total 
W RITE #2, freq(i)
NEXT i
W RITE #2, “TIM E”
FOR i = 1 TO total 
W RITE #2, tim ed)
NEXT i
W RITE #2, “SURAREA”
FOR i = 1 TO total 
W RITE #2, surarea(i)
NEXT i
WRITE #2, “VOLUM E”
FOR i = 1 TO total 
W RITE #2, volume(i)
NEXT i
W RITE #2, “M FP”
FOR i = 1 TO total 
W RITE #2, mfp(i)
NEXT i
W RITE #2, “SA”
FOR i = 1 TO total 
W RITE #2, safi)
NEXT i
REM DEPENDENT VARIABLES 
W RITE #2, “CFF1”
FOR i = 1 TO total 
W RITE #2, cffl (i)
NEXT i
W RITE #2, “CFF2”
FOR i = 1 TO total 
W RITE #2, cff2(i)
NEXT i
W RITE #2, “CFF3”
FOR i = 1 TO total 
W RITE #2, cff3(i)
NEXT i 
CLOSE #2 
END
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